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laclpal  factors  Involved  In  the  design  of  drainage  structures  Include  hydrology, 
soil  conditions,  material  strength,  material  durability,  cost,  and  type  of  facility  being 
drained.  Although  not  necessarily  overriding,  the  cost  is  often  one  of  the  nose  Important 
factors.  This  cost  sho-ild  be  the  total,  overall  '.oat  of  the  alternative  over  Its  pro¬ 
jected  life  or  life  cycle  cost  (LCC).  Unless  the  LCC  Is  considered  over  first  cost,  the 
owner  cannot  be  assured  of  receiving  maxima  value  for  his  construction  and  maintenance 
dollars.  Except  for  determining  a  service  life  for  the  various  types  (materials)  of 
drainage  structures,  the  procedures  for  LCC  analysis  are  well  established.  LCC  based  eco¬ 
nomic  studies  are  an  Integral  part  of  the  complete  design  process  and  are  a  requirement 
specified  In  Technical  Manual  5-802-1.  AR  11-28/AFR  178-1  gives  the  basic  criteria  and 
standards  for  economic  sCudies  by  and  for  the  Departments  of  the  Army  and  Air  Force.  The 
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|(14«llMf  pnientid  la  Part  II  of  this  report  can  ba  used  to  aatlmata  tha  eervice  Ufa  of 
a  perticvlar  dealga  o-.  ensure  a  50-year  service  Ufa.  Thus,  tha  procedurea  for  aconoaic 
analyst*  described  la  Technical  Manual  5-802-1  can  ba  used  to  determine  LCC.  Tha  alterna- 
tlru  caa  than  ba  order  ranked  baaed  on  LCC,  ard  tha  beat  design  can  ba  rationally  and 
confidently  selected. 
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TIm  Investigation  reported  herein  was  sponsored  by  the  Office,  Chief  of 
Saglnears  (OCK) ,  under  the  work  effort  "Life  Cycle  Cost  for  Drainage  Struc¬ 
tures  (Pipe),"  of  the  Facilities  Investigation  and  Studies  Program.  The  OCE 
Te<uutlcal  Monitor  was  Mr.  Edwin  Dudka. 

The  study  was  conducted  at  the  US  Aruy  Engineer  Waterways  Experiment 
Station  (WES)  frost  Nov caber  1985  through  September  198/  by  the  Paveaent  Syw- 
t«sa  Division  (PSD)  of  the  WES  Geotechnical  Laboratory  (GL) . 

The  research  was  conducted  and  the  report  was  vrltten  by  Dr.  J.  C. 
Potter,  PSD.  The  study  was  under  the  supervision  of  Messrs.  H.  H.  Ulsry,  Jr., 
Chief,  PSD;  H.  Green,  Chief,  Engineering  Analysis  Group,  PSD;  and  D.  K.  Ladd, 
Chief,  Criteria  Development  Unit,  PSD.  The  work  wee  conducted  under  the  gen¬ 
eral  supervision  of  Dr.  W.  F.  Marcuson  III,  Chief,  GL.  The  report  was  edited 
by  Ms.  Odell  F.  Allen,  Information  Products  Division,  Information  Technology 
Laboratory. 

Comments  on  the  durability  guidelines  were  solicited  from  Industry  asso¬ 
ciations  and  corporations.  Specifically,  the  guidelines  for  metal  pipe  were 
sent  to  the  National  Colligated  Steel  Pipe  Association,  the  Aluminum  Associa¬ 
tion,  amd  Armco.  The  concrete  ^ipe  guidelines  were  sent  to  the  American 
Concrete  Pipe  Association.  Unlbe.M  ,  the  polyvinyl  chloride  (PVC)  pipe  manu¬ 
facturers  association,  the  Plastics  Pipe  Institute,  the  polyethylene  pipe 
manufacturers  association,  and  Advanced  Drainage  Systems  (ADS)  Inc.,  a  major 
polyethylene  pipe  manufacturer,  received  copies  of  the  plastic  pipe  guide¬ 
lines.  The  National  Clay  Pipe  Institute  was  consulted  on  clay  pipe 
durability . 

Responses  were  received  from  both  associations  and  corporations.  Com¬ 
ments  on  natal  pipe  durability  came  from  the  National  Corrugated  Steel  Pipe 
Association,  the  Aluminum  Association,  Armco,  Bethlehem  Steel  Corporation, 
Pacific  Corrugated  Pipe  Co.,  Lane  Enterprises,  Caldwell  Culvert  Company,  and 
Dow  Chanlcal.  The  American  Concrete  Pipe  Association,  the  Ohio  Concrete  Pipe 
Manufacturers'  Association,  and  the  Ohio  Department  of  Transportation  com¬ 
mented  on  the  concrete  pipe  guidelines.  The  plastic  pipe  design  procedure 
described  in  this  report  is  based  on  the  industry-consensus  cf  American  Asso¬ 
ciation  of  State  Highway  and  Transportntion  Officials  (AASHTO)  proposed  spe¬ 
cifications,  to  which  Unlbell ,  the  Plastics  Pipe  Institute  and  ADS  have 
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ONtributtd.  CoMSti  *»rt  also  rscslvsd  separately  froa  Unibtll,  Contsch, 
the  Plastics  Pips  Institute  and  A IJ.  The  National  Clay  Pipe  Institute  has 
concurred  with  the  clay  plpj  durability  guidelines. 

Tbs  responses  noted  above  vara  studied  with  additional  research  as 
sat  assary  to  resoles  conflicts.  The  guidelines  were  then  revised  as 
sn«rwlst«. 

OOL  Dwayne  G.  Lee,  Cl,  was  the  Coaaumder  and  Director  of  WES  during  the 
proparatloa  sad  publication  of  this  report.  Dr.  Robert  V.  Vhalln  was 
Technical  Director. 
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CONVERSION  FACTORS ,  NON- SI  TO  SI 
UNITS  OF  MEASUREMENT 

(METRIC) 

■too- SI  unite  of  neasureaant  can  ba  converted  to  SI 

(natric)  units  as  follows: 

Multiply 

,  ®T. 

To  Obtain 

feet 

6.3048 

netras 

inches 

2. 84 

cantina tree 

kips  (force) 

4.448222 

kllonevtons 

Miles  (US  statute) 

1.609347 

kllonatras 

pounds  (force)  per 
Bpurt  inch 

6.894757 

kllopaacala 

pounds  (ness)  per 

cubic  foot 

16.01846 

kilograms  par  cubic  aetre 

square  Inches 

6.4516 

t.quare  centinetrea 

Background 


1.  Many  factors  ara  involved  In  tha  deslg**  of  drainage  systems.  Prin¬ 
cipal  factors  ara  hydrology,  soil  conditions,  trial  strength,  material 
durability,  coat,  and  typs  of  facility  or  slta  balng  drained.  While  not 
aseassarily  overriding,  tha  cost  is  often  one  of  tha  aost  iaportant  factors. 
This  cost  should  be  tha  total,  overall  cost  of  tha  alternative  over  its  pro¬ 
jects^  life,  or  life  cycle  cost  (LCC).  Unless  tha  life  cycle  cost  is  consid¬ 
ered  over  f  ^  ft  coat*  tha  owner  cannot  be  assured  of  receiving  maximum  value 
for  his  construction  and  Maintenance  dollars.  LCC  based  econoalc  atudlea  are 
an  integral  part  of  the  coapleta  design  process  and  are  a  requirement  speci¬ 
fied  by  Technical  Manual  5-802-1.  AX  11 -28 /AFX  178-1  gives  the  basic  criteria 
sad  standards  for  econoalc  studies  by  and  for  the  Departments  of  the  Aray  and 
Air  Tores. 

Purpose 

2.  The  purpose  of  this  report  is  to  provide  supplemental  guidance  in 
performing  LCC  studies  to  determine  the  relative  economic  ranking  of  alterna¬ 
tive  dvalnage  systems  using  pipes  fabrlcatec  from  various  construction  materi¬ 
als.  Current  Corps  of  Engineers  design  criteria  do  not  include  gvldance  tor 
estimating  the  expected  service  life  for  drainage  structures.  Therefore, 
guidance  in  determining  the  appropriate  service  life  for  a  particular  design 
alternative  is  Included  in  addition  to  the  supplemental  guidance  on  economic 
calculations. 


Scope 


3.  This  report  provides  supplemental  information  required  to  perform 
LCC  analyses  of  military  drainage  structures  to  determine  the  relative 
economic  rating  of  design  alternatives.  Methods  of  estimating  service  life  or 
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cmltj  •  particular  design  Ufa  ara  also  given  for  Cha  aora  coaaon  pipe 
aaterials  eeod  In  drainage  scructuraa.  Matal,  concrete,  clay,  and  plastic 
pip*  durability  guidelines  ara  provided.  Including  procedures  for  estimating 
the  service  life  of  atael  and  concrete  pipes. 


PART  II:  SERVICE  LIFE  GUIDELINES 


General 


4.  The  most  difficult  and  controversial  aspect  of  life-cycle  cost  anal¬ 
ysis  (LCCA)  for  drainage  structures  la  establishing  a  service  life  for  each 
material  type.  Service  life  la  a  function  of  pipe  material,  the  environment 
In  which  It  la  Installed,  and  the  effect  of  additional  measures  taken  to  pro¬ 
tect  the  pipe  from  deterioration.  Service  life  is  also  subject  to  biased 
estimation  by  Investigators  working  In  particularly  harsh  or  mild  environments 
and  by  soma  vandora  and  trade  associations.  LCCA  requires  a  realistic  esti¬ 
mate  of  service  life.  So,  currently  available  performance  data  vid  durability 
guidelines  from  various  sources  outside  of  the  Corps  of  Engineers  have  been 
collected,  analysed,  and  synthesised  Into  a  comprehensive  but  uncomplicated 
procedure.  Guidelines  for  predicting  a  service  life  or  ensuring  a  particular 
design  service  life  for  the  more  common  types  of  pipes  found  In  drainage 
structures  were  developed  and  Included  In  this  report. 


Metal  Pipe 

5.  Metal  pipe  performance  data  and  durability  models  baaed  on  this  per¬ 
formance  can  be  found  lu  Cue  "Handbook  of  Steel  Drainage  end  Highway  Construc¬ 
tion  Products,"  (American  Iron  and  Staal  Institute  (AISI)  1983),  "Durability 
of  Dralnag#  Pipe,"  (Transportation  Research  Board  1978),  and  various  technical 
papars  such  as  thosa  found  In  "Symposium  on  Durability  of  Culverts  and  Storm 
Drains"  (Transportation  Raaaarch  Board  1984)  and  those  listed  In  the 
bibliography. 

6.  Tha  Information  contained  in  these  resources  has  been  synthesized 
Into  a  flexible  and  coharent  durability  guide,  consisting  of  two  sections. 

The  first  aactlon  is  a  sat  of  guideline**  which  establish  environmental  Halts 
for  satisfactory  parformancs  of  metal  pipe  for  at  leajt  50  years.  These 
guidelines  encompass  the  majority  of  drainage  applications.  For  applications 
In  anvlronmenta  outalda  of  thaae  limits  or  when  a  service  life  of  other  than 
50  years  Is  desired,  a  second  section  Is  provided.  Using  this  section,  a 
combination  of  metal  pipe  and  protective  coatings  can  be  designed  to  give  a 
wide  variety  of  service  lives  over  a  wide  range  of  environmental  conditions. 


7.  Fur  a  design  service  life  of  50  years,  the  environmental  limits  for 
Mtil  pipe  that  have  been  synthesized  from  a  literature  review  are  as  follows: 


Type  of  Material  Used  to  Make 
Pipe 

Soil  and 
Water 

PH 

Minimum  Soil 
Resistivity 
ohm-cm 

Galvanized  Steal  (AASHTO  M2 18) 

6  -  8.0 

2 

2,500 

Aluminized  Steel,  Tvpe  2 
(AASHTO  M2 74) 

5  -  9.0 

2 

1  ,500 

Aluminum  (Alclad  3004) 

5  -  9.0 

2 

1,500 

or  5.5  -  8.5 

2 

500 

Stainless  Steel,  Type  AISI  409 

5  -  9.0 

2 

1,500 

Cast  Iron 

6  -  9.0 

2 

1  ,500 

8.  These  Units  apply  to  pipes  of  adequate  structural  design  as  deter¬ 
mined  by  an  accepted  procedure  such  as  that  presented  in  the  "Handbook,  of 
Ste^.1  Drainage  and  Highway  Construction  Products"  (AISI  1983)  vithout  the 
benefit  of  additional,  sacrificial  thickness.  Also,  stainless  s-eel 

(Type  409)  may  be  used  to  carry  acid  coal  nine  water,  without  regard  to  pH, 
because  of  the  particular  chemistry  of  acid  coal  nine  water. 

9.  The  Units  given  in  the  "Handbook  of  Steel  Drainage  and  Highway  Con¬ 
struction  Products"  (American  Iron  and  Steel  Institute  1983)  and  "Corrugated 

i  (Fsdfiz’sl.  Highv^y  Adzlr.l s t rs t i on  1979)  hits 


somewhat  broader,  but  they  are  not  based  on  a  specific  design  life. 

10.  For  conditions  outside  of  the  above  limits,  or  a  design  life  other 
than  50  years,  &  more  sophisticated  approach  is  required.  The  recommended 
procedure  is  to  consider  the  service  life  to  be  the  sum  of  tne  lives  of  the 
nonnetalllc  protective  coating,  the  metallic  protective  cor'tng,  and  the  basic 
metal  pipe.  These  three  elements  can  be  chosen,  mindful  of  ine  environmental 
conditions  at  the  proposed  construction  site,  to  ensure  a  desired  design  ser¬ 
vice  life.  The  same  relationship  can  also  be  used  to  predict  the  actual  ser¬ 
vice  life  for  a  particular  combination  of  metallic  pipe  and  protective 
coatings . 

11.  The  California  Chart  (California  Department  of  Transportation  1972) 
shown  in  Figure  1  predicts  the  time  to  first  perforation  (generally  in  the 
invert)  of  galvanized  corrugated  steel  pipe  culvert  as  a  function  of  soil  and 
water  pH  and  resistivity.  It  is  based  on  a  survey  of  over  7,000  culverts  in 
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California  In  th«  1950’a,  and  is  used  as  a  predictor  of  service  life  by  more 
states  than  any  other  rational  method  (Task  Force  22,  1988).  The  AISI  (1983) 
Chart  (Figure  2)  is  based  on  the  assumption,  that  culverts  can  continue  to 
provide  service  until  most  of  the  invert  is  lost.  This  point  corresponds  to  a 
totrl  metal  loss  approximately  twice  that  corresponding  to  first  perforation. 
Therefore,  tha  AISI  service  life  was  assumed  to  be  double  the  time  to  first 
perforation.  However,  the  assumption  of  usable  life  after  perforation  is  only 
appropriate  for  gravity  flow  systems  installed  in  a  nonerodlble  granular 
bedding.  But  the  Corps  of  Engineers  allows  use  of  silty  and  clayey  sands, 
which  can  be  highly  erodible,  and  Corps  spillways  and  through-levee  structures 
uy  operate  as  pressure  systems.  In  these  cases,  the  time  to  first  perfora¬ 
tion  is  the  service  life.  Further,  a  3tudy  of  this  issue  was  recently  com¬ 
pleted  for  the  California  Department  of  Transportation  (CALTRANS)  on  behalf  of 
the  California  Corrugated  Steel  Pipe  Association  by  Nr.  George  Tupac  (1987). 

Hi  found  that  the  AISI  chart  it?  appropriate  for  the  upper  270°  of  the  pipe 
circumference,  but  not  for  the  invert.  He  recommended  use  of  the  AISI  chart 
only  when  the  invert  is  paved.  These  equations  are  adjusted  for  thicker 
galvanized  pipe  by  multiplying  the  life,  Y,  of  the  16-gage  pipe  by  a  gage 
factor.  These  factors  are: 


»  Jt »» 

SO  I  JLUe 


a  i  aa 

V  •  1V7 


Cage 

Factor 


16.0 

1.0 


14.0 

1.3 


12.0 

1.8 


10.0 

2.3 


8.0 

2.8 


The  service  life  calculated  using  this  method  is  the  average  life  based  on 
field  data.  The  actual  life  of  individual  installations  may  vary 
significantly. 

12.  Aluminum-alloy  protective  coatings  provide  better  protection  for 
steel  pipe  then  zinc  (galvanized)  coatings.  Long-term  field  test  data  (Morris 
and  Badnar  1985)  suggest  that  the  aluminum  alloy  coating  (Aluminized  Type  2, 
AASHTO  M274)  lasts  much  longer  than  plain  galvanized  coatings  (zinc, 

AASHTO  M218).  The  only  quantitative  data  on  the  actual  field  performance  of 
Aluminized  Type  2  is  that  contained  in  the  Armco  study,  so  it  received  close 
scrutiny,  even  though  it  was  published  in  a  refereed  journal  with  technical 
dlscursions.  Supporting  Information  and  backup  data  relating  to  the 


10 


of  Aluminized  Type  2,  which  Armco  had  used  In  the  preparation  of 
It*  technical  paper  or  previously  prepared  for  other  agencies  were  also 
obtained .  An  Independent  analysis  did  show  that  for  16  gage  pipe  in  the 
recommended  environmental  ranges.  Aluminized  Type  2  lasts  two  to  six  times 
longer  than  plain  galvanised  pipe.  A  comparative  factor  of  two  was  chosen  to 
he  cooservetive.  Thus,  the  gage  factors  for  aluminum-alloy  protective  coat¬ 
ings  should  be: 


Thickness,  In. 

0.06A 

0.079 

0.109 

0.138 

0.168 

Gage 

16.0 

14. 0 

12.0 

10.0 

8.0 

Factor 

2.0 

2.3 

2.8 

3.3 

3.8 

However,  Aluminized  Type  2  should  not  be  used  for  sanitary  or  industrial  sew¬ 
ers  to  carry  saltwater  or  acid  mine  runoff,  or  where  heavy  metals  are  present. 
The  service  life  of  Galvalume  (nl-Zn  alloy) ,  AASHTO  M2 4 9  pipe  should  be  calcu¬ 
lated  as  for  plain  galvanized  plo*.  Galvalume  performs  better  than  galvanized 
steel  In  atmosphurlc  exposures  (Zoccola  et  al.  1978).  but  insufficient 
published  performance  data  are  available  to  establish  this  advantage  over 
plain  galvartsed  pipe  under  the  eroolve-corroslve  conditions  typical  of  most 
drainage  installations. 

13.  Host  of  the  studies  to  determine  aluminum  pit-rate  are  based  on 
geographical  location  and  not  environmental  parameters  such  as  pH  and  resis¬ 
tivity.  However,  the  average  pit-rate  varies  widely  over  the  ranges  of  pH  and 
resistivity  which  are  recommend  for  aluminum  pipe  and  which  are  found  through¬ 
out  the  Unltod  States.  Fo  example,  though  New  York  and  Maine  have  estab¬ 
lished  a  pit-rate  of  0.5  mils  per  year  (mpy) ,  preliminary  work  by  the 
Louisiana  Department  of  Transportation  and  Development  (Temple  and  Cumoaa 
1986)  has  placed  the  pit-rate  as  high  as  2.0  mpy  for  resistivities  below  1,000 
ohm- cm.  More  extensive  data  are  needed  to  establish  a  general  procedure  for 
estimating  aluminum  pit-rate. 

14.  Greater  service  lives  can  be  achieved  by  adding  the  life  of  an 
additional  nonmetalilc  coating  to  the  life  calculated  for  the  pipe  and  metal¬ 
lic  coating  (American  Iron  and  Steel  Institute  1983) .  A  synthesis  of  industry 
and  Government  agency  policies  and  recommendations  resulted  in  the  following 
conclusions.  Bituminous  coating  and  paving  adds  about  20  to  25  years  to  the 
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WMt|l  lift  of  the  pipe.  A  bituminous  coating  alone  (AASHTO  M190)  adds  about 
t  ftan  for  the  typical  caoa  whara  vater-eide  corroalon  ia  tha  dominant 
ltflaaac*.  Up  to  25  years  a ay  ba  add ad  If  tha  affluent  is  noncorrosive  and 
wil-tldt  corrosion  is  tha  critical  factor.  Nota  that  bituminous  coatings  are 
liopf r o prints  for  applications  whara  effluents  contain  petroleum  products. 
Polymer  coatings  (AASHTO  M246),  in  general,  add  about  10  years  to  the  average 
sarwlea  Ilfs.  A  quality  ethylene  acrylic  film,  though*  may  add  up  to  20  years 
io  tha  service  life  of  tha  base  pipe.  Tha  most  recently  published  data  on  the 
durability  of  Chit  product  cover  only  9-1/2  years  of  exposure.  Even  using  the 
wnpmb limbed  reports  placing  tha  exposure  variously  at  13  to  15  years,  the  use 
of  a  life  of  n30  or  more  years"  requires  an  extrapolation  to  more  than  double 
tha  currant  experience,  without  benefit  of  any  quantitative  data  on  deteriora¬ 
tion  rates.  An  increase  in  tha  added  life  attributable  to  this  promising 
product  is  anticipated,  as  it  is  proven  in  field  installations.  However,  cur¬ 
rently  available  data  do  not  support  a  life  much  greater  than  about  20  years. 

15.  Effects  of  abrasion  were  included  in  the  data  used  to  generate  the 
Above  relationships.  Thus,  installations  with  extraordinarily  abrasive  condi¬ 
tions  nay  experience  c  shorter  service  life,  but  this  procedure  asy  conserva¬ 
tively  underestimate  service  life  in  caeas  where  abrasion  is  not  a  factor. 

16.  Abrasion  is  a  function  of  velocity  and  bed  load.  In  the  absence  of 
a  bed  load,  abrasion  will  not  be  a  factor.  Also,  abrasive  aster ials  will  not 
be  transported  by  fj.aws  of  lass  than  about  5  ft/sec.  Therefore,  abrasion  is 
not  a  factor  at  low  velocities  without  regard  to  bed  load.  Abrasion  is  a  fac¬ 
tor  whan  abrasive  bed  loads  are  present  and  flow  velocities  are  high  enough  to 
transport  them.  Invert  protection  should  be  provided  when  abrasion  is 
expected  to  be  above  the  "average"  Included  in  the  California  method.  A  bed 
load  containing  material  larger  than  sand  slse,  with  sufficient  transport 
velocity,  la  likely  to  produce  above  average  abrasion.  Under  these  particu¬ 
larly  abrasive  conditions,  lnvsrt  protection  should  also  be  considered  for 
aluminum  pipe. 


Concrete  Pipe 

17.  Concrete  pipes  may  be  subject  to  deterioration  from  various  condi¬ 
tions  including  freeze-thaw  weathering',  acid  corrosion,  sulfate  disruption, 
velocity-abrasion  of  tha  concrete,  and  chloride  corrosion  of  the  rainforcing 
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Steal.  Tti*  reinforcing  ateel  in  reinforced  concrete  pipe  nay  also  be  subject 
to  corrosion  by  sulfuric  acid  resulting  from  sulfide  generation,  but  this 
problem  only  occurs  In  sons  sanitary  sewers. 

18.  Precast  concrete  pipe  Is  generally  of  high  quality  and  not  subject 
to  significant  freets-thaw  weathering  or  chloride  corrosion.  For  cast-in- 
place  structures*  the  effects  of  these  conditions  can  be  mitigated  by  ensuring 
adequate  compressive  strength  (4.000  to  6.000  psl  initial  strength),  limiting 
the  water/csaent  ratio  (to  control  porosity),  and  the  proper  use  of 
admixtures. 

19.  Acid  attack  Is  usually  nlld  when  soil  and  effluent  pH's  remain 
between  five  and  seven,  and  the  total  acidity  is  less  than  25  mg  equivalent  to 
add  per  100  g  of  soil.  No  pH  rslated  damage  has  been  observed  in  alkaline 
environments  up  to  a  pH  of  nine  (American  Concrete  Pipe  Association  1981). 

20.  Sulfate  disruption  comes  from  the  reaction  or  sodium,  magnesium,  or 
calcium  sulfates  In  t**e  soil  and  ground  water  or  effluent  with  the  calcium 
alumina  (C^A)  In  the  concrete,  which  results  in  concrete  expansion  and  spall¬ 
ing.  This  can  occur  if  sulfates  are  in  solution,  if  there  Is  a  differential 
hoed  between  tne  Inside  and  outside  surfaces  of  the  concrete,  and  if  evapora¬ 
tion  is  taking  place  on  one  of  the  surfaces  to  concentrate  the  sulfides.  Typ¬ 
ically  sulfate  attack  can  be  a  problem  when  the  sulfate  content  exceeds 
1,000  parts  per  million.  Under  these  conditions,  use  of  Type  II  or  Type  V 
cements  will  Impede  deterioration.  The  Bureau  of  Reclamation  (US  Department 
of  Labor  1975)  guidelines  shown  In  Table  1  can  be  used  to  control  the  effects 
of  sulfate  attack.  Other  strategies  for  reducing  the  deleterious  effects  of 
sulfates  from  the  Bureau  of  Reclamation  Include  reducing  the  C^A  content  of 
the  concrete,  steam  curing,  decreasing  the  absorption  factor  and  Increasing 
the  cement  content.  The  California  Department  of  Transportation  considers  a 
seven  seek  mix  using  Type  II  cement  to  be  equivalent  to  a  mix  using  the 
minimus  allowable  amount  of  Type  V  cement  (Transportation  Research  Board 
1978). 

21.  Abrasion  is  a  function  of  velocity  and  bed  load.  Abrasion  is  not  a 
factor  when  velocities  are  less  than  15  ft/sec.  Some  additional  protection  is 
required  for  velocities  between  15  and  40  ft/sec  if  a  bed  load  is  present. 

This  protection  may  be  in  the  form  of  increased  cement  content  such  as  an 
eight  seek  mix,  increased  concrete  cover  over  reinforcing  (typically  1-1/2  Jn. 
and/or  herder  aggregates)  or  both.  In  the  absence  of  bed  loads,  velocities  of 
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Tabic  1 

Attack  on  Concrete  by  Soila  and  Waters  Containing 
Various  Sulfate  Concentrations 


lajutlvt  ’'agree 
of  Suiters 

Attack 

Percent  Water-Soluble 

Sulfate  (as  SO.) 

4 

in  Soil  Saaplts 

Parts  Per  Million 
Sulfate  (as  SO^) 

in  Water  Samples 

Bagllglble 

0.00  to  0.10 

0  to  150 

Positive- 

0.10  to  0.20 

150  to  1,500 

Severe** 

0.20  to  2.00 

1,500  to  10,000 

Very  several 

2.0C  cr  more 

10,000  or  more 

*  Use  Type  II  cement. 

**  Use  Type  V  ceaent  or  approved  p^rt land-pox solan  ceaent  providing  compar¬ 
able  sulfate  resistance  is  u'*d  in  concrete, 
t  Use  Type  V  ceaent  plus  approved  poszolan  which  has  been  determined  by 
tests  to  laprove  sulfate  resistance  when  used  in  concrete  with  Type  V 
ceaent. 


up  to  40  ft/s<*c  can  be  accommodated.  Cavitation  aay  produce  serious  damage  If 
velocities  exceed  40  ft/sec,  becauee  of  the  geoaetry  of  reinforced  concrete 
pipe  joints. 

22.  Hydrogen  sulfide  gas  aay  be  generated  in  sanitary  sewers.  However, 
the  buildup  of  sulfide  gas  can  generally  be  prevented  by  aaintalning  a  minimum 
flow  velocity  of  2  ft/sec.  This  velocity  also  provides  for  efficient  solids 
transport.  Where  this  control  strategy  is  not  practical,  a  more  comprehensive 
design  for  sulfide  control  xs  required,  Sulfide  generation,  the  investigation 
and  prediction  of  sulfide  levels,  and  the  rate  of  sulfide  corrosion  are  dis¬ 
cussed  in  detail  in  the  "Concrete  Pipe  Handbook"  (American  Concrete  Pipe  Asso¬ 
ciation  1981)  and  the  "Design  Manual  for  Sulfide  and  Corrosion  Prediction  and 
Control"  (American  Concrete  Pipe  Association  1984). 

23.  Within  the  environmental  constraints  outlined  above,  the  service 
life  of  concrete  pipes  varies  significantly.  The  most  extensive  survey  of 
state  guidelines  on  service  life  was  performed  by  the  New  York  State  Depart¬ 
ment  of  Transportation  (Renfro  and  Pyskadlo  1980).  Ring  (1984)  reported  that 
the  assumed  useful  lives  obtained  from  this  survey  ranged  from  20  to  75  years 
but  had  an  average  of  56.5  years. 


.  n.  r  .» «J.  rL*  u  njtnjmji  IU  njlUjl  Jt  KM  KM M»  fUO\J(Wt?U0\ 
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24.  There  are  relatively  few  detailed  aCudl**  on  concrete  pipe  durabil¬ 
ity*  Moat  ara  atata  department  of  tranaportatlon  reports.  Since  each  report 
1*  for  a  particular  state  and  Its  environmental  conditions,  variables  which 
affect  pipe  durability  but  which  do  not  vary  significantly  across  the  state 
war*  frequently  not  lucludad. 

25.  The  woat  coaplat*  data  ar*  those  collected  by  the  Ohio  Department 
of  Transportation  (Meachao*  Hurd*  and  Shleler  1982).  During  the  period  1972 
to  1975*  545  concrete  pipe  culverts  war*  inspected.  All  of  the  culverts  were 
located  In  Ohio  with  th*  most  acidic  aites  concentrated  in  the  coal-field 
region  of  southeastern  Ohio*  Fourteen  of  the  cases  had  clay  liner  plates,  and 
slept  or  sediment  depth  measurements  were  omitted  at  132.  This  leaves 

399  complete  observations.  The  ranges  of  the  variables  are  shown  In  Table  2. 


Table  2 

Variables  Used  In  the  Ohio  Studies 


Variable 

Mane 

Description 

Unite 

Range 

Rat* 

Pipe  condition  rating  (Table  3) 

— 

1  -  5 

A«* 

Pipe  age 

years 

1  -  45 

Rise 

Pipe  vertical  diameter 

inches 

24  -  108 

Flow 

Water  flow  velocity  index 

(1-repid,  2-moderate,  3-slow, 
4-negllglble ,  5-no  flow) 

1  ~  5 

Sad 

Sediment  depth  In  invert 

inches 

0-60 

Slope 

Pipe  slope 

percent 

0.01  -  58 

pH 

pH  of  water  inside  pipe 

2.4  -  9.0 

26.  Hurd  (1984)  developed  a  service  life  equation  based  on  a  subset  of 
these  data.  He  used  only  data  from  pipes  with  diameters  greater  than  42  in. 
to  improve  th*  accuracy  of  the  condition  rating  and  Increase  the  probability 
of  dry  weather  flow.  Also,  h;.t  used  only  the  data  with  a  pH  of  less  than  7.0 
on  th*  assumption  that  acid  attack  Is  the  principal  deterioration  mechanism, 
and  since  there  can  be  no  acid  attack  at  pH's  of  7.0  and  greater,  these  data 
need  not  be  included.  These  selection  criteria  resulted  in  a  data  set  con¬ 
sisting  of  45  cases.  A  multiplicative  (nonlinear)  rogiession  equation  for 


condition  rating  (as  th«  dependant  variable)  vac  fitted  to  these  data.  That 
agnation  was  than  solvad  for  plpa  age  with  tha  condition  rating  fixed  at  a 
tarmlnal  value  (4.5)  to  produca  tha  sarvlca  Ufa  aquation. 

27.  Later,  Hurd  (1985)  ravlsad  and  expended  his  acid-alts  data  sat.  Ha 
Includad  more  acid-site  culvarts  frow  tha  1972  survay  and  laprovad  tha  accu¬ 
racy  of  tha  data.  Plpas  vara  ralnspactad  and  raratad  according  to  a  lass  sub¬ 
jective  rating  criteria*  and  tha  aaw  data  vara  checked  against  the  old  data  to 
detect  changed  conditions,  recording  errors,  or  other  anomalies.  Tha  1984 
survey  resulted  in  an  acli-slta  data  sat  with  59  cases. 

28.  Hurd's  regression  aquation  for  tha  condition  rating  of  these 
59  sites  Is: 

rating  -  [6.501  (age)0,55  (rise)1,079  (slope)0,233  (pH)”3,079] 

(1) 

[1  -  (aed/risa)]1**65 


where 

rating  “  pipe  condition  rating  fron  0  to  100  with  0  being  as  manufac- 
tured  and  95  being  tha  sad  of  useful  life 

age  -  pipe  age  at  tins  of  inspection,  years 

rise  "  plpa  vertical  disaster,  in. 

slope  ■  invert  slo  a,  percent 

pH  -  water  pH 

sed  -  sed leant  depth  in  pipe  invert,  in. 

29.  The  pipe  rating  for  a  site  with  a  pH  of  7  or  above  is  assumed  to  be 

less  than  or  equal  to  the  rating  given  by  Equation  1  usin;  a  pll  of  7.0.  Equa- 
2 

tlon  1  has  an  r  of  0.6. 

20.  Hadlprlono  (1986)  also  used  the  Ohio  data  to  nodal  pipe  rating,  He 
fitted  a  linear,  additive  regression  equation  for  pipe  rating  to  the  complete 
399  case  data  set.  He  contended  that  factors  in  pipe  deterioration  such  as 
weathering,  velocity  abrasion,  end  sulfate  disruption  contributed  to  pipe 
deterioration  regardless  of  pH.  Thus,  data  from  the  entire  pH  range  were 
included.  He  also  included  pipe  sizes  less  than  42  in.  in  order  to  take 
advantage  of  the  information  contributed  by  these  cases.  Hadlprlono  grouped 
the  pipes  by  rise  (diameter)  so  that  his  model  actually  consisted  of 
lour  equations: 
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rate  -  *.1040  ♦  0.03082  (age)  -  0.073  (flow)  -  0.0139  (sed) 


(2) 


-  4.9423  (log  pH)  +  0. 1276/slop*  for  rise  S  42  In. 
rate  -  6.2472  -i-  0.03082  (age)  -  0.073  (flow)  -  0.0139  (ad) 

-  4.9423  (log  pH)  +  0.1276/slope  for  42  in.  <  rise  S  48  In. 
rata  «  6.1946  ♦  0.03082  (aga)  -  0.073  (  low)  -  0.0139  (aad) 

-  4.9423  (log  pH)  +  0.1276/slope  for  48  In.  <  rlaa  4  60  in. 
rata  -  6.4770  +  0.03082  (aga)  -  0.073  (flow)  -  0.0139  (aad) 

-  4.9425  (tog  pH)  +  0. 1276/ulopa  for  rlaa  >  60  in. 


(37 


(4) 


(5) 


wbata 


rata  "  plpa  condition  rating  froa  1  to  5  with  1  being  excellent  and 
4.5  being  the  end  of  uaaf  1  life 

flow  ■  water  flow  velocity  rating  froa  1  to  5  with  1  ■  rapid, 

2  u  moderate,  3  •  alow,  4  *  negligible,  and  5  -  no  flow,  and  the 
other  variables  are  aa  previously  defined 

Equations  7  to  5  can  be  combined  for  simplicity  (with  a  new  regression 

analysis) : 


rata  -  5.7478  +  0.0304  (ege)  -  0.0752  (*low)  -  0.0134  (sed) 


(6) 

-  4.8920  (log  t'H)  -  0. 1264 /slope  +  0.0085  (rise) 

2 

The  r  remains  about  0.4,  t»nd  the  relationship  of  rate  to  rise  becomes  a 
sattoth  aonotonlc  function. 

31.  Equations  1  and  6  ard  fh-ait  >.ccp  active  r*  values  cannot  be  compared 
directly  because  of  the  differences  in  condition  rating  scale,  flow  velocity 
rating  (0.1  to  3  for  the  aci  i-slte  data),  and  sire  of  the  data  set.  A  dir<*'t 
comparison  requires  interchanging  date  sets.  Also,  since  the  racing  scales 
are  different,  tbe  regression  enalyslc  oust  be  repeated  co  establish  rew 
coefficients. 
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32>  Qjtlnf  Hurd's  39  cases  Instead  of  399,  tha  additive,  linear  regres¬ 
sion  equ.  Ion  for  pipe  rating  ia: 

ratir;  -  134. 1330  +  0.4133  (age)  +  4.0657  (val)  -  1.3490  (aed) 


-  188.4238  (log  pH)  +  5.3113/sI3pe  +  0.1947  (riaa) 


(7) 


▼al  •  water  flow  velocity  rating  from  0.1  to  3,  with  0.1  -  nilP 

1  ■  slow,  2  “  moderate,  and  3  “  rapid,  and  tha  other  varlablea 
ara  as  previous ly  defined 


tilth  tha  smaller  data  set,  the  r2  increases  from  0.4  to  0.7  The  r2  for  the 

Multiplicative  regression  equation  drops  froa  0.6  to  0.3  when  the  larger  data 

2 

sat  is  used.  The  r  values  are  coaqpared  below: 


Cases 

59 

399 


_ _ Equation _ 

Hadlprlono  (1966)  Hurd  (1983) 

0.7  0.6 

0.4  0.3 


Thla  comparison  suggests  that  the  form  of  Hadlprlono 'a  aquation  (additive, 

linear)  sore  closely  eodels  the  pbcnceciton  of  pipe  detarioracion  than  Kurd’s 

aquation  (multiplicative,  nonlinear)  for  either  set  of  data.  However,  neither 

2 

can  be  described  as  a  "good"  model  with  these  low  r  values. 

33.  Most  empirical  performance  or  service  life  relationships  are  based 
on  formulas  fitted  to  data  from  specimens  at  soma  terminal  or  failed  condi¬ 
tion.  The  age  used  for  these  equations  is  tha  service  life.  When  deteriora¬ 
tion  models  such  as  Equations  1  and  6  ara  used  to  predict  service  life, 
another  level  of  complexity  is  added.  The  age  in  these  equations  is  the  age 
of  the  specimen  at  the  time  of  Inspection  when  a  rating  was  assigned.  These 
equations  are  used  to  predict  service  life  by  solving  for  age  and  setting  the 
condition  rating  to  sons  terminal  value.  There  may  he  very  little  data  with 
rating  values  at  or  near  tarmlnal .  Thus,  the  service  life  prediction  presumes 
a  relationship  fo?  deterioration  with  age  in  addition  to  relationships  between 
the  other  Independent  variables  and  the  service  life.  The  form  of  the  rela¬ 
tionship  between  age  and  rating  is  critical  because  it  ic  used  to  forecast  a 
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Mrrici  llf«  bMtd  on  d»ta  from  iptclxm  which  have  not  yet  failed  or  per- 
fotmm 4  for  thslr  full  service  life.  This  relationship  nay  or  may  not  be  1 tn- 
eer.  la  fact,  Burd  contends  that  It  la  highly  nonlinear.  Hurd's  equation 
(■(Melon  1)  can  acc  it  for  nonlinearity,  but  Hadlprlono's  (Equation  6)  can¬ 
not.  lawrer,  It  la  lnportant  to  nota  that  the  exponents  in  multiplicative 
equations  euch  no  Equation  1  actually  nerve  two  purposes.  They  serve  to 
define  the  ehape  of  the  relationship,  which  Is  nonlinear  when  the  exponent  has 
a  value  other  than  one.  ihey  also  serve  as  scaling  or  weighting  factors  to 
reflect  the  relative  Influence  ot  the  Independent  variables.  The  exponent  of 
an  lnportant  Independent  varlabla  mist  be  larger  than  the  exponent  of  a  lasser 
variable  to  make  the  correct  variable  doalnete  the  behavior  of  the  dependant 
variable  If  the  relative  Magnitudes  of  the  Independent  variables  and  the  forms 
or  ihapoo  of  their  relationships  to  the  dependent  variable  are  elallar.  A 
regression  analysis  does  not  distinguish  between  adjustments  to  the  exponent 
for  weighting  end  adjustments  for  improving  the  ehape  of  the  relationship. 
Producing  Equation  1  by  regression  analysis  does  not  prove  that  the  relation¬ 
ship  he tween  age  and  rating  is  highly  nonlinear.  For  e::anple.  If  age  had  been 
expressed  In  Months  or  days  instead  of  years,  the  exponent  on  age  would  have 
been  Much  smaller.  Tat,  the  shape  of  the  true  relationship  of  rating  with 
tine  must  be  the  sees. 

34.  Solving  Equation  6  for  age  end  setting  rate  to  a  terminal  value  of 
4.3  gives  the  following  predicted  service  life: 

service  life  -  41  05  +  2.47  (flow)  +  0.44  (sed) 

(8) 

+  160.92  (log  pH)  -  4.16/slope  -  0:8  (rlae) 

35.  The  depth  of  sediment  in  the  invert  (sed)  is  difficult  to  predict 
end  is  generally  undesirable  with  regard  to  culvert  hydraulics.  Therefore,  a 
sediment  depth  of  sero  should  be  used  for  design.  The  flow  velocity  Is  also 
difficult  to  prsdlct  and  Is  usually  highly  variable.  An  average  value  Is  rea¬ 
sonable  for  Initial  design  and  economic  analysis.  Using  the  average  flow 
velocity  for  the  complete  data  set  (3.1604)  and  zero  sediment  depth,  Equa¬ 
tion  6  reduces  to: 
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sarvlce  life  “  “33.23  +■  160.92  (log  pH)  -  A .  16/slope 

-  0.28  (rise)  (9) 

36.  By  comparison,  solving  Equation  l  for  aga  at  a  terminal  rating 
of  93  (coaparabla  to  A. 3)  and  0  sediment  dapth  glvaa 

service  Ufa  -  123.5  (pH)5*53  (rlaa)-1*94  (slope)'0 (10) 

37.  Equations  9  and  10  glva  vary  similar  sarvlca  llvaa  for  values  of  pH 
between  2  and  A  but  differ  dramatically  at  higher  values  of  pH.  This  depar¬ 
ture  results  largely  fro*  the  large  value  of  the  exponent  (5.55)  on  pH  in 
Equation  10. 

38.  Bofh  Equations  9  and  10  are  based  on  culverts  generally  not  at  the 
end  of  their  useful  lives.  However,  the  tines  given  by  Equations  9  and  10 
should  be  consistent  with  the  ages  of  culverts  rated  4.5  to  5  In  the  complete 
data  set  and  93  to  100  In  the  acld-elte  data  set  If  they  accurately  predict 
service  life. 

39.  There  are  20  such  data  points  between  the  two  data  sets  having 
cleea  fron  30  to  108  In.  and  slopes  frou  0.02  to  16  percent.  The  average  rise 
19  57  Is.  and  the  average  elope  le  2. a  percent.  figure  3  shows  Equations  9 
end  10  plotted  using  these  average  values  for  rise  and  slope  along  with  the 
age  and  pH  of  culverts  rated  A. 5  to  5  or  95  to  100. 

AO.  The  two  culverts  rated  5  after  only  3  and  A  years  appear  to  be  out¬ 
liers.  Their  poor  performance  nay  be  the  result  of  a  substandard  pipe  or 
other  unusual  deleterious  factor  not  observed  during  the  Inspections.  The 
remaining  18  points  appear  to  plot  In  an  orderly  and  logical  manner,  although 
there  Is  considerable  scatter  as  noted  earlier. 

Al.  Equations  9  and  10  both  fit  the  data  reasonably  well  in  the  pH 
range  of  2  to  A.  However,  both  appear  to  overestimate  service  life  for  values 
of  pH  greater  than  A.  This  is  caused  by  the  forecasting  or  prediction  of  ser¬ 
vice  life  bar.od  on  the  ages  of  culverts  still  in  good  condition.  A  review  of 
the  data  prepared  reveals  that  there  are  many  culverts  still  in  good  condition 
at  ages  noar  that  of  the  data  shown  in  Figure  3.  This  observation  suggests 
that  factors  not  svaluatsd  ara  significantly  Influencing  culvert  performance. 
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One  possibility  Is  variation  in  pipe  quality.  If  the  data  in  Figure  3  repre¬ 
sents  relatively  lover  quality  pipe,  then  typical  or  average  quality  pipes 
would  last  longer.  Thus,  a  longer  lire  than  that  indicated  by  the  failure 
data  would  be  expected  for  average  quality  pipes.  Equation  y  is  a  reasonable 

candidate  for  describing  average  service  life  under  this  philosophy.  Its  fit 

2 

to  the  data,  based  on  its  r  value  and  Figure  3,  leaves  much  to  be  desired, 
but  it  is  a  point  of  departure  for  future  Improvements.  It  also  appears  to  be 
more  appropriate  than  Equation  10.  Equation  10  is  not  based  on  performance 
data  for  values  of  pH  greater  than  6.9;  yet  it  implies  a  service  life  for 
these  environments.  Further,  this  implied  service  life  in  alkaline  environ¬ 
ments  is  very  large.  The  600  year  limit  placet,  on  Equation  10  by  Hurd  (1985) 
is  more  than  an  order  of  magnitude  larger  than  the  age  of  any  of  the  culverts 
used  in  its  determination. 

42.  Both  Equations  10  and  11  suggest  that  the  service  life  will  be  in 
excess  of  50  years  as  long  as  the  pH  exceeds  4.  As  the  pH  becomes  less 
acidic,  the  service  life  can  be  expected  to  be  much  longer.  The  maximum  ser¬ 
vice  life  occurring  in  an  alkaline  environment  cannot  be  determined  with  con¬ 
fidence,  but  it  should  exceed  100  years,  and  may  be  as  high  as  600  years. 

Plastic  Pipe 

43.  Plastics  are  combustible,  and  many  are  subject  to  attack  by  ultra¬ 
violet  light  if  not  burled  or  otherwise  protected.  The  chemicals  that  are 
known  to  deteriorate  plastic  pipes  are  not  normally  found  in  culvert  and  storm 
drainage  effluents. 

44.  Tlastic  pipes  can  b»  broadly  classified  as  either  thermoplastic  or 
thermosetting.  These  designations  are  derived  from  the  kinds  of  polymers  that 
are  used  in  their  manufacture.  Thermosetting  plastics  are  used  in  reinforced 
plaatic  mortar  pipe  (RPMP)  and  reinforced  thermosetting  resin  pipe  (RTRP) . 

RTRP  is  usually  glass  reinforced  plastic  (GRP)  or  fiber  reinforced  plas¬ 
tic  (FRP) .  The  principal  thermoplastics  are  polyvinyl  chloride  (PVC) ,  poly¬ 
ethylene  (PE),  and  acrylonitrile  butadiene-styrene  (ABS) .  Others  are  chlori¬ 
nated  polyvinyl  chloride  (CPVC) ,  polybutylene  (PB)  and  polypropylene  (PP) . 

PVC  and  high  density  polyethylene  (HDPE)  are  the  prin.  ipal  materials  used  in 
drainage  structures.  Additional  information  can  be  found  "»n  the  resources 
listed  in  the  bibliography. 
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45.  Tht  most  significant  characteristic  of  these  pipe  materials  is  that 
they  exhibit  a  viscoelastic  response  to  thezvo  Mechanical  loading  (Chaturvedi 
1986).  The  effective,  long-term  elastic  modulus  la  lover  than  the  short-term 
modulus  due  to  creap  in  the  loaded  material  as  a  function  of  load  and  temper¬ 
ature.  This  property  must  be  explicitly  considered  In  the  structural  design 
to  ensure  long-term  service  life.  State  of  the  art  design  procedures 
(Schluter  1935,  Chambers  and  McGrath  1986)  use  a  long-term  elastic  modulus 
lass  than  the  initial  modulus  to  account  for  long  term  pipe  behavior.  Var¬ 
iations  on  these  procedures  have  been  adopted  by  various  standardization 
organisations. 

46.  One  of  these  procedures  is  the  proposed  American  Association  of 
State  Highway  and  Transportation  Officials  (AASHTO)  plastic  pipe  design  proce¬ 
dure  "Section  18:  Soil  Thermoplastic  Pipe  Interaction  Systems"  (Appendix  A). 
The  structural  design  of  thermoplastic  pipes  larger  than  6  in.  nominal  size 
should  follow  this  procedure.  The  structural  design  of  smaller  thermoplastic 
pipe  may  also  use  this  method.  The  use  of  effective  modulus  to  define  the 
ultimate  deformation  response  is  based  on  constant  and  continuous  loading.  In 
practice,  these  two  conditions  are  seldom  met  througneut  the  anticipated  life 
of  the  pipe,  and  therefore,  the  concept  of  effective,  creep  modulus  has  some 
Inherent  safety  factor,  the  magnitude  of  which  depends  upon  actual  conditions. 
Hence,  life  under  loads  based  on  50— year  modulus  values  should  be  signifi¬ 
cantly  greater  than  50  years  and  for  longer  still,  under  even  lighter  loads. 
Table  3  is  an  example  of  a  cover  table  baaed  on  this  procedure.  It  gives  the 
maximum  and  minimum  cover  requirements  for  one  particular  corrugated  poly¬ 
ethylene  pipe  subject  to  H20  live  loads  using  5G-year  modulus  values.  Other 
pipe  constructions,  with  both  corrugated  or  solid  walls,  are  commercially 
aveilable  for  greater  maximum  cover  heights. 

47.  Pipes  made  from  thermosetting  plastics  (RTRP,  RPMP)  should  be 
designed  and  installed  in  accordance  with  American  Society  for  Testing  and 
Materials  (ASTM)  D  3C79-79  (ASTM  1979). 

46.  For  thermoplastic  pipes  (PE,  PT  CPVC,  PB,  CA3) ,  6  in.  nominal 
size  and  smaller,  ASTM  D  2321-85  should  be  followed  for  design  and 
installation. 

49.  Smooth  wall,  high  density  polyethylene  pipe  has  demonstrated  abra¬ 
sion  resistance  3  to  5  times  greater  than  mild  steel,  documented  in 
ETL  1110-3-332  (Headquarters,  Department  of  the  Army  1986). 
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Table  3 

Pipe  Covjt  Raquireae nts  for  Corrugated  Polyethylene 
Pipe  Subject  to  H20  Live  Loads 


Nominal  Disaster 
in. 

Minimum  Cover 
ft 

Maximum  Cover 
ft 

12 

1.0 

9.6 

15 

1.0 

9.7 

18 

1.0 

10.0 

24 

1.0 

10.3 

Notes : 

s.  The  suggested  maximum  heights  of  cover  shown  In  the  table  are  cal¬ 
culated  on  the  basis  of  the  preposed  AASHTO  standard  specifications 
for  highway  bridges.  Section  10:  Soll-Thermoplastlc  Pipe  Interac¬ 
tion  Systems  using  service  load  design  and  assuming  a  soil  density 
of  120  pcf. 

b.  Cover  depths  are  measured  from  the  top  of  the  pipe  to  the  top  of 
the  ground  surface. 

c.  Regardless  of  minimum  cover  requirements,  the  distance  from  the  top 
of  the  pipe  to  the  bottom  of  the  slab  of  rigid  pavements  must 
exceed  the  values  given  In  the  following  tabulation  (extracted  from 
TM  5-820-0)  (Headquarters,  Department  of  the  Army  1981)  to  prevent 
cracking  of  the  slab. 


Pipe  Size 
in. 

6-60 

66-120 


__ _ Gear  Load _ 

Less  Than  100  Kips,  ft  100  Kips  or  treater,  ft 

0.5  1.0 


1.0 


1.5 


Clay  Pipe 

50.  Vitrified  clay  is  perhaps  the  least  corrodible  of  the  common  pipe 
materials.  It  Is  subject  to  corrosive  attack  only  from  hydroflouric  acid  and 
concentrated  caustics.  It  Is  also  very  resistant  to  abrasion  (Bortz  1985). 

As  a  result,  vitrified  clay  is  extremely  durable  in  terms  of  deterioration 
from  corrosive  or  abrasive  service  environments. 

51.  The  National  Clay  Pipe  Institute  (1982)  has  compiled  a  list 
(Table  4)  of  over  50  clay  pipe  systems  which  are  still  functioning  after  up  to 
170  years  and  which  are  used  to  support  a  150-year  service  life.  However, 
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Table  4 

Old  Clay  Pipe  Installations 
Still  in  Service* 


_ city _ 

Date 

Installed 

City 

Date 

Installed 

1.  Washington,  DC. 

1815 

27. 

Baltimore,  Md. 

187*, 

2.  Philadelphia,  Pa. 

1829 

JO 

00 

• 

Portland,  Maine 

1875 

3.  Boston,  Maas. 

1829 

29. 

San  Francisco,  Calif. 

1876 

4.  Sydney,  N.S.  Wales 

1832 

30. 

Jacksonville,  Fla. 

1876 

5.  Manchester,  England 

1845 

31. 

Albany,  Ga. 

1876 

6.  Liverpool,  England 

1846 

32. 

St.  Joseph,  Mo. 

1876 

7.  London,  England 

1848 

33. 

Davenport,  Iowa 

1877 

8.  Clinton,  Iowa 

1850 

34. 

Kansas  City,  Mo. 

1877 

9.  Edinburgh,  Scotland 

1850 

35. 

New  Bedford,  Mass. 

1877 

10.  Rigby,  England 

1851 

36. 

Bucyrus,  Ohio 

1877 

11.  Croydon,  England 

1851 

37. 

Omaha,  Nebr. 

1878 

12.  Darlington,  England 

1852 

38. 

Camden,  N.J. 

1879 

13.  Chicago,  Ill. 

1855 

39. 

Memphis,  fern. 

1879 

14.  Cleveland,  Ohio 

1861 

40. 

Parkersburg,  W.  Va . 

1879 

15.  Rev  York,  N.Y. 

1866 

41. 

Providence,  R.I. 

1879 

16.  Erie,  Pa. 

1868 

42. 

Nashville.  Tenn. 

1879 

17.  Grand  Rapids.  Mich. 

1869 

43. 

Rome,  Ga. 

1880 

18.  St.  Louis,  Mo. 

1869 

44. 

Rockford,  Ill. 

1880 

19.  Hartford,  Conn. 

1870 

45. 

Terre  Haute,  Ind. 

1880 

20.  Indianapolis,  Ind. 

1872 

46. 

Sioux  City,  Iowa 

1880 

21.  Los  Angeles,  Calif. 

1873 

47. 

Red  Wing,  Minn. 

1880 

22.  New  Haven,  Conn. 

1873 

• 

00 

Reno,  Npv. 

1880 

23.  St.  Paul,  Minn. 

1873 

49. 

Fargo,  N.  Dak. 

1880 

24.  Portland,  Oreg. 

1873 

50. 

Dallas,  Tex. 

1880 

25.  Raleigh,  N.C. 

1873 

51. 

Denver,  Colo. 

1880 

26.  Lawrence,  Kans. 

1874 

*  From  National  Clay  Pipe  Institute  1982. 
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Met  ef  the  referenced  ijitui  arc  just  ovar  100  years  old.  Thua,  and 
particularly  in  light  of  tha  uncertainty  in  long-tarn  (ovar  100  years)  land 
UM*  it  la  appropriate  to  limit  tha  design  service  Ufa  of  vitrified  clay  pipe 
to  100  years. 


“  I 

52.  A  50-yeai  service  life  can  be  used  for  most  types  of  drainage  J 

structures.  Limits  on  pH  and  resistivity  can  be  uoed  to  ensure  that  netal  jj 

pipes  .#111  perform  satisfactorily  for  this  period.  Also,  the  California  w 

method*  along  with  the  added  life  afforded  by  protective  coatl .lujs,  can  be  used  J 

to  estimate  the  service  life  of  a  corrugated  stoel  pipe  or  develop  a  combine-  9 

tion  ot  ^ipe  and  coating  to  last  50  years  in  a  particular  environment.  M 

53.  Limits  on  pH  and  sulfides  can  be  used  to  ensure  the  satisfactory  1 

performance  of  concrete  pipes.  As  the  pH  increases  from  4  to  9,  reinforced  H 

concrete  pipe  life  increases  from  about  50  years  to  over  ICO  years,  depending  J 

on  pipe  diameter  and  slope.  As  with  metal  pipe,  there  is  considerable  varl-  1 

ability  in  actual  service  life,  and  the  available  data  cannot  be  used  to  con-  1 

fluently  estimate  service  life.  fl 

54.  Plastic  pipe  should  provide  much  more  then  50  years  of  service  as  | 

lone  as  it  is  not  exposed  to  ultraviolet  light  and  the  structural  design  is  1 

based  on  the  long  term  creep  behavior  of  the  plastic  The  proposed  AASHTO  I 

design  procedure  is  one  such  procedure  and  may  be  used  pending  its  adoption.  1 

55.  Clay  pipe  is  perhaps  the  most  inert  of  the  common  pipe  materials  in  1 

terms  of  corrosion,  and  it  is  very  resistant  to  abrasion.  A  100-year  service  | 

life  may  Le  assumed  for  most  clay  pipe  installations.  U 

s 

s 

3 

* 

s 

! 

i 
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PART  III:  LIFE  CYCLE  COST  METHODOLOGY 


General 


56.  Tha  flrat  atep  In  the  analysis  of  design  alternatives  Is  to  develop 
a  preliminary  list  of  all  possible  alternatives.  This  list  is  then  reduced  to 
a  group  of  feasible  alternatives  by  applying  the  constraints  of  the  particular 
project  such  as  availability  of  aaterials  or  equipment,  site  conditions  such 
as  abrasive  bed  load,  or  requireaents  to  accomodate  large  flows  or  livestock. 
Hie  minimum  functional  requirements  must  be  met.  The  final  design  Is  chosen 
from  this  group  based  on  LCC. 

57.  The  LCC  Is  the  total,  overall  estimated  cost  for  a  particular 
design  alternative.  Direct  and  indirect  initial  costs  plus  periodic  or 
cc  itlnulng  costs  for  operation  and  maintenance  are  Included.  The  methods 
describe!  in  TM  5-802-1  (Headquarters,  Department  of  the  Army  1986)  and 
mentioned  below  account  for  the  time  value  of  money  and  reflect  the  concepts 
and  procedures  used  In  many  economics  texts  (Theusen,  Fabrycky,  and  Theusen 
1971). 

58 .  Costs  Incurred  over  time  may  be  expressed  in  terms  of  either  con¬ 
stant  dollars  or  current  dollars.  Constant  dollars  are  costs  (or  savings) 
stated  at  price  levels  In  effect  at  some  given  time,  usually  the  particular 
time  that  the  analysis  is  conducted.  Current  dollars  are  costs  or  savings 
stated  at  pi ice  levels  In  effect  whenever  the  costs  or  savings  are  incurred. 
Comparison  of  drainage  structure  alternatives  should  be  based  on  constant 
dollars  for  all  costs  Including  present  and  future  costs  and  for  salvage  or 
retantlon/resloual  values. 

59.  The  LCC  1*  expressed  either  in  terms  of  present  worth  (PW)  or 

equivalent  uniform  annual  < ost  (EUAC) .  PW  Is  the  primary  measure  of  ICC.  It 
is  the  amount  of  money  reqvired  now  to  fund  the  project  for  the  entire  analy¬ 
sis  period.  The  dUAC  xs  the  amount  of  money  required  for  each  year  of  the 

analysis  period  tc  fund  all  project  costs. 

60.  The  same  analysis  period  must  be  used  to  compare  altsrnatives  using 

PW‘s.  PW 1 s  can  be  converted  to  EUAC  using  a  uniform  series  capital  recovery 
factor.  In  this  case,  PW  and  EUAC  are  just  two  ways  of  expressing  the  same 

costs.  EUAC  can  also  be  calculated  from  the  individual  costs  for  each 

alternative. 


28 


'KW  ^ 


61.  Economic  studies  consider  projects  which  heve  a  service  life,  an 


ccodcmsIc  life,  and  an  analysis  period.  The  service  life  is  the  tot«.l  useful 
life  of  the  project  or  time  to  replacement  or  rehabilitation.  The  economic 
life  is  the  time  during  which  a  project  is  economically  profitable  or  provides 
the  required  service  at  a  lower  cost  than  another  facility.  For  drainage 
structures,  the  economic  life  is  usually  the  same  as  the  service  life.  The 
analysis  period  is  the  comparison  period  over  which  costs  are  counted  in 
determining  the  PH  or  EUAC  of  an  alternative. 

62.  Guidance  for  selecting  the  analysis  period  is  given  in  AP  11-28 
(Headquartera ,  Department  of  the  Army  1975)  as  shown  below: 

Hie  alternative  with  the  longest  economic  life  may 
determine  the  end  of  the  comparison  period.  However, 
the  decision  siaker  or  analyst  may  shorten  this  period 
consistent  wi«.h  the  objectives  and  assumptions  of  the 
analysis.  Whether  the  longest  or  shortest  life  is 
used  as  a  basis,  adjustment  for  unequal  life  is 
required.  If  the  shortest  life  is  used  the  residual 
values  of  the  alternatives  with  longer  lives  must  oe 
recognised  in  the  coat  computation  for  those  alterna¬ 
tives.  Should  the  longest  life  be  used  to  establish 
the  time  period  of  the  analysis,  the  cost  of  extending 
the  benefit  producing  years  of  those  alternatives  with 
a  shorter  life  must  be  recognized.  Cere  should  be 
exercised  to  ensure  that  the  costs  f~>r  each  alter¬ 
native  for  the  entire  period  of  comparison  are  pre¬ 
sented  to  the  decision  faker.  Another  alternative 
would  be  the  use  of  uniform  annual  cost  methods  as  a 
means  of  comparison  [5,  p.  2-5]. 

63.  TM  5-802-1  further  limit's  the  analysis  period  to  the  economic  life 
or  25  years,  whichever  is  less.  The  25-year  limit  is  based  on  the  projected 
economic  life  of  the  complete  facility  encompassing  the  drainage  structure, 
which  is  usually  around  25  years  for  general  planning  purposes.  However, 
Infrastructure  such  as  drainage  facilities  may  realistically  be  expected  to 
provide  economical  service,  in  its  original  mission,  well  beyond  25  years.  A 
review  of  the  service  lives  used  by  various  state  and  federal  Government 
agencies  and  Industry  (Renfro  and  Pyskadlo  1980,  Summerson  1984)  reveal"  that 
most  agencies  expect  culverts  to  provide  service  longer  than  25  years  with  a 
50-year  life  used  most  frequently.  This  period  strikes  a  balance  between  the 
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lltaaflbl*  and/or  Indirect  costs  associated  with  replacement  or  rehabilita¬ 
tion,  and  the  unpredictability  of  long-term  land  use.  Based  on  the  service 
Ufa  guidelines  for  natal,  concrete,  plastic,  and  clay  pipes  (Part  II),  a 
50-y^ar  analysis  period  is  justifiable  and  should  be  used,  subject  to  the 
approval  as  described  in  TM  5— 802— 1  (Headquarters,  Department  of  the  Army 
19S6)  of  HQUSACE  (CEEC-EG)  for  Army  projects  an.'  HQUSAF  (LEEEC)  for  Air  Force 
projects. 


Costs 


64.  The  initial  and  recurring  costs  considered  in  an  economic  analysis 
are  sonatinas  categorized  as  agency  costs,  user  costs,  and  nenuser  costs  (Hass 
and  Hudson  1976).  Agency  costs  include  initial  capital  costs  of  construction, 
future  capital  costs  of  rehabilitation  or  replacement,  maintenance  and/or 
operational  costs  during  the  analysis  period,  salvage  or  retention/residual 
value  (a  negative  cost)  at  the  end  of  the  analysis  period,  and  engineering  and 
Administrative  costs.  User  costs  are  usually  included  in  the  cost  of  the 

i  icility  being  drained  by  the  drainage  structure.  Those  costs  include  travel 
time,  vehicle  operating  costs,  accident  costs,  and  inconvenience  (as  when  a 
detour  is  require  .).  Nonuser  costs  result  from  the  impact  of  the  facility  or 
chose  not  actually  using  the  facility  such  as  the  cost  of  flood  damage  occur¬ 
ring  downstrei  ,  >f  the  drainage  structure. 

65.  Ec*.  lc  analyses  frequently  include  only  the  initial  and  future 
capital  costs,  .ntenance  and  operation  costs,  and  salvage  or  retention/ 
residual  value.  For  drainage  structures,  the  other  costs  are  likely  to  be 
similar  for  all  si  tmatives.  Thus,  little  error  is  introduced  by  omitting 
them  from  the  commutations.  One  exception  is  the  user  cost  associated  with 
replacement  of  a  structure  during  the  analysis  period.  Replacement  c"  struc¬ 
tures  under  hlgh~volume  facilities  may  cause  expensive  delays  and  detour 
costs,  as  well  as  reconstruction  costs  well  in  excess  of  the  marginal  cost 
associated  with  the  initial  installation  of  the  structure. 

66.  Initial  capital  costs  for  drainage  structures  can  generally  be 
estimated  from  local  data,  usually  obtainable  from  local  vendors.  Future 
capital  costs  except  as  noted,  can  be  estimated  from  current  costs,  adjusted 
as  necessary  for  the  time  expected  before  future  construction.  As  a  supple¬ 
ment,  or  If  local  data  are  not  available,  costs  can  be  estimated  using  the 
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procedures,  retea,  end  adjustment  fectors  given  In  AR  415-17  (Headquarters , 
Department  of  the  Amy  1980),  Engineering  Neve  Record's  Building  and 
Construction  Cost  Index  Histories  (Engineering  News  Record  1987) ,  the  Highway 
Maintenance  end  Operation  Coat  Trend  Index  (Federal  Highway  Administration 
1987),  end  the  Price  Trenda  for  Federal-Aid  Highway  Construction  (Federal 
Highway  Administration  1987).  A  description  of  these  resources  and  their  use 
are  included  in  Kohn,  Epps,  and  Rosser  (1937). 

67.  Maintenance  and  operations  costs  are  best  determined  from  local 
experience  with  similar  projects.  Maintenance  end  operations  costs  are  highly 
dependent  upon  both  local  conditions  and  the  particular  maintaining  agency. 

68.  The  salvage  or  retention/residual  value  of  a  drainage  structure  is 
its  residual  value  at  the  end  of  the  analysis  period .  If  the  end  of  the  anal¬ 
ysis  period  coincides  with  the  end  of  the  service  life  of  the  alternative, 
then  the  salvage  value  of  that  alternative  can  probably  be  taken  as  zero. 

When  the  service  life  is  expected  to  exceed  the  length  of  the  analysis  period, 
the  retention/ reeidual  value  must  be  included,  generally  as  a  future  Income  or 
negative  cost. 


Discount  Rate 
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discount  rate  is  the  amount  that  the  value  of  money  in  the  future  is  reduced 
or  discounted  to  reflect  its  present  value.  It  can  also  be  viewed  as  the  min¬ 
imum  real  or  net  rate  of  return,  after  inflation,  to  be  achieved  by  public 
sector  investments.  Congress  has  stipulated  that  diverting  investment  capital 
from  the  private  sector  (by  taxation)  can  only  be  justified  when  that  capital 
is  used  on  public-sector  projects  having  a  real  rate  of  return  at  least  as 
High  as  that  achievable  in  the  private  sector.  Through  0MB  Circular  A-94 
(Office  of  Management  and  Budget  1972),  this  rate  has  been  set  at  10  percent. 
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70.  The  basic  u«C hod  for  computing  the  PW  of  »  given  alternative  is 
described  in  detail  in  TM  5-802-1  (Headquarters,  Department  of  the  Army  1986) 

and  summarised  hare: 

a.  One-time  costs. 

(1)  Step  1:  Estimate  the  amount  of  the  one-tine  cost  as  of 
the  base  date  (date  of  the  study) . 

(2)  Step  2:  Escalate  this  cost  to  the  tine  at  which  it  is 
actually  to  be  incurred  using  the  differential  (fron 
inflation)  escalation  rate  e  . 

(3)  Step  3:  Discount  the  escalated  future  one-time  cost  to  PW 
(on  the  base  date)  using  the  discount  rate  d 
(currently  10  percent). 

b.  Recurring  costa. 

(1)  Step  1:  Estimate  the  amount  A  of  the  annually 
recurring  coat  as  of  the  base  dSte,  and  determine  the 
number  of  costs,  k  ,  in  the  series  (e.g.  over  the 
analysis  period) . 

(2)  Step  2:  Escalate  Aq  to  A^  at  the  time  at  which  the 

first  cost  in  the  series  is  to  be  incurred  using  the 
escalation  rate  e  . 

(3)  Step  3:  Determine,  tor  the  date  on  which  A^  is 

incurred,  the  single  cost  that  is  equivalent  to  a  series 
of  k  uniformly  escalating  annual  costs  where  the  amount 
of  the  first  cost  is  A^  and  the  escalation  rate  is  e  . 

(4)  Step  4:  Discount  the  single  equivalent  cost,  from  the 
time  the  first  annual  cost  is  to  be  Incurred  to  a  PW  on 
the  base  date  using  the  discount  rate  d  . 

Formulas,  tables,  and  sasq>le  calculations  are  provided  in  Technical  Manual 

TM  5-802-1. 

Decision  Criteria 


71.  Uncertainty  in  LCC  and  LCCA  is  discussed  in  TM  5-802-1: 

The  input  data  for  an  LCCA  are  based  on  estimates 
rather  than  known  quantities  and  are,  therefore, 
uncertain.  They  may  be  uncertain  an  to  the  scope  or 
quantity  of  things  (e.g.,  pounds  of  steel,  manheurs  of 
labor),  the  unit  costs  of  things  in  the  marketplace  at 
the  time  the  costs  will  actually  be  incurred,  and  the 


timing  of  coat  (a.g. ,  whan  a  floor  covering  will 
require  replacement).  The  effecta  o!  uncertainties  01 
the  results  of  an  LCCA  can  be  quite  significant.  They 
may  dlatort  the  raaulta  of  the  analyals  or  doainate 
them  ao  that  one  alternative  may  appear  to  be  lowest 
in  net  LCC  under  one  set  of  reasonable  assumptions  and 
highest  in  net  LCC  under  another  equally  reasonable 
set  of  assumptions.  For  these  reasons,  the  need  for 
uncertainty  assessment  will  be  considered  as  part  of 
every  LCCA. 

a.  Specific  requirements.  The  decision  as  to  whether  or  not  an 
uncertainty  assessment  is  raqulred  for  any  particular  LCCA  will 
depend  on  u  number  of  factors  and  so  must  be  made  on  a  case-by- 
case  basis.  Among  these  factors  are  whether  or  not  the  LCCA 
results  appear  to  be  clear-cut,  whether  or  not  the  relative 
economic  rankings  of  the  (apparently)  top-ranked  alternative 
and  its  nearest  competitors  could  be  affected  by  the  results  of 
the  assessment,  whether  or  not  the  LCCA  results  have  to  be 
approved  by  higher  Command  authority  prior  to  Implementation, 
and  whether  or  not  the  LCCA  results  are  likely  to  be  controver¬ 
sial  (as  are  deviations  from  criteria,  changes  from  common 
practice,  rejections  of  special  user  preferences,  and  signifi¬ 
cantly  greater  initial  cost  requirements  that  result  in  only 
marginal  LCC  savings).  In  general,  an  uncertainty  assessment 
need  not  be  performed  if  either  of  the  following  conditions 
applies. 

(1)  The  relative  economic  rankings  of  the  (apparently)  top- 
ranked  alternative  and  its  nearest  competitors  cannot  be 
•ffectsd  by  the  results  of  the  assessment. 

(2)  The  LCCA  results  appear  to  be  clear-cut,  either  clearly 
conclusive  or  clearly  inconclusive,  in  advance. 

In  addition,  even  if  the  LCCA  results  appear  not  to  be  clear- 
cut  (i.e.,  not  clearly  conclusive  and  not  clearly  inconclusive) 
(especially  the  latt-r) ,  an  uncertainty  assessment  is  not  con¬ 
sidered  necessary  provided  the  design  decision  is  a  routine  one 
(i.e.,  one  which  may  be  implemented  locally  without  the  need 
for  higher-authority  approval)  and  is  one  that  is 
unlikely  to  be  controversial  when  Implemented. 

b.  Approaches.  Of  the  two  leading  approaches  to  uncertainty 
assessment,  the  probabilistic  approach  is  more  direct  and  the 
generally  applicable  for  MCP  designs,  and  it  should  be  used 
whenever  appropriate.  Since  the  rigorous  probabilistic 
approach  is  too  complex  for  routine  use,  reasonable  approxima¬ 
tions  to  that  approach  are  preferred  for  MCP  design  applica¬ 
tions.  The  other  leading  approach  to  uncertainty  assessment, 
the  sensitivity  approach,  may  be  used  in  any  situation  in  which 
the  approach  is  valid;  however,  in  all  cases  in  which  the  prob¬ 
abilistic  approach  and  the  sensitivity  approach  are  both  valid, 
the  probabilistic  approach  is  preferred.  In  those  situations 
where  neither  the  probabilistic  approach  nor  ‘.he  sensitivity 
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approach  can  b«  considered  to  ba  valid,  uncartalnty  assessment 
aa y  ba  accoapllahad  by  means  of  any  coamon-sanse  heuristic 
approach — prafarably  one  based  on  althar  the  probabilistic  or 
tha  sensitivity  approach,  or  on  some  combination  of 
tha  two  (para  2-2,  b.  (9)). 

72.  Xn  tha  caaa  of  a  tla  between  any  of  tha  alternatives,  the  ralatlve 
ranking  can  ba  determined  using  tha  following  guidance,  also  from  TM  5-802-1: 

If  any  alternatives  are  determined  to  have  comparable 
nat  LCC'a  althar  bacausa  thalr  calculated  net  LCC's 
are  essentially  equal  or  because  tha  uncertainties 
associated  with  tha  analysis  are  found  to  ba  suffi¬ 
ciently  large  to  render  apparent  nat  LCC  differences 
inconclusive,  than  their  relative  rankings  will  be 
baaed  on  a  combination  of  energy  coneervation  and 
Initial  procurement  coat  considerations,  aa  outlined 
below.  For  those  situations  in  which  the  LCCA  results 
appear  not  to  be  claar  cut,  the  criteria  for  judging 
whether  apparent  net  LCC  differences  are  conclusive  or 
Inconclusive  and,  hence,  whether  the  LCCA  results  are 
conclusive  or  Inconclusive  are  aa  follows: 

a.  A  positive  net  LCC  difference  between  two  alternatives  is  con¬ 
clusive  if  it  can  be  shown  that  ths  probability  of  that,  differ¬ 
ence  exceeding  sero  la  no  less  than  0.60. 

b.  A  positive  net  LCC  difference  between  two  alternatives  is 
inconclusive  if  it  can  be  shown  that  the  probability  of  that 
difference  exceeding  sero  is  no  greater  than  0.55.  Finally,  in 
the  absence  of  net  LCC  determinations  either  because  an  LCCA 
has  not  bean  conducted  or  because  one  has  been  conducted  but 
not  in  strict  'ccordance  with  the  criteria  contained  herein 
(e.g.,  it  was  not  based  on  the  best  Information  available  at 
the  time),  design  alternatives  will  be  given  economic  rankings 
based  solely  on  initial  procurement  cost  considerations. 

c.  Tie  breaking.  If  two  design  alternatives  have  comparable  net 
LCC's,  and  it  can  be  demonstrated  with  a  high  degree  of  confi¬ 
dence  that  one  of  these  alternatives  satisfies  any  of  the  fol¬ 
lowing  conditions,  then  that  alternative  will  be  assigned  the 
higher  relative  ranking: 

(1)  It  will  be  less  expensive  in  terms  of  initial  procurement 
costs  and  will  consume  ro  more  fuel/energy  per  year. 

(2)  It  will  consume  less  fuel/energy  per  year  and  will  be  no 
more  expensive  in  terms  of  initial  p-  ‘urement  costs. 

(3)  It  will  consume  at  least  15  percent  less  fuel/energy  per 
year  and  will  not  be  more  than  15  percent  more  expensive 
in  terms  of  Initial  procurement  costs. 
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(4)  It  will  be  at  least  IS  percent  lese  expensive  in  terns  of 
initial  procurement  costa  and  vill  consume  no  more  than 
IS  percent  more  fuel/energy  per  year. 

When  the  two  alternatives  are  of  different  fuel/energy  types, 
quantities  of  fuel  or  energy  consumed  annually  will  be  deter¬ 
mined  in  Jltu  equivalents,  measured  at  the  source,  in  accordance 
with  standard  practice  within  the  Department  of  Defense  for 
measuring  energy  savings.  If  none  of  these  conditions  are  sat¬ 
isfied,  then  the  two  alternatives  will  be  assigned  the  same 
ranking.  In  those  cases  whwn  two  or  more  of  the  alternatives 
considered  for  any  design  feature  are  tied  for  the  highest 
ranking,  selection  will  be  based  on  the  designer's  judgement  as 
to  which  of  the  alternatives  tied  for  the  top  ranking  repre¬ 
sents  the  best  overall  choice  in  terms  of  initial  cost,  energy 
consumption,  and  LCC  for  the  application  at  hand 
(pars  2-2.  c.). 


Example 


73.  Suppose  a  drainage  structure  is  being  selected  for  construction 
2  years  after  the  analysis  base  date  (date  of  study) .  The  soil/water  pH  is 
6.0,  the  minimum  soil/water  resistivity  is  6,000  ohm-cm,  and  a  nonabrasive 
flow  of  6  ft/sec  is  expected.  The  facility  being  drained  is  a  low  volume  road 
with  shallow  pipe  cover,  so  replacement  costs  are  similar  to  initial  con¬ 
struction  costa,  and  no  significant  user  costs  are  expected  from  delays  or 
detours ,  The  materials  to  b«  considered  are  reinforced  concrete  (RCP) ,  plain 
galvanised  (CSP) ,  asphalt  coated  and  pavad  corrugated  steel  pipe  (ACPCSP) , 
plain  aluminum  (AL),  and  polyethylene  (PE)  pipe.  All  of  these  alternatives 
are  structurally  adequate  for  the  design  load.  A  24-in.  diam  smooth  wall  pipe 
will  carry  the  design  flow  at  the  design  slope  of  1  percent.  A  27-in.  diam 
pipe  will  be  required  for  the  corrugated  alternatives  because  of  their  higher 
n  value.  The  differential  escalation  rate  is  projected  to  be  zero  for 
installation  costs  and  for  the  concrete,  aluminum,  and  plain  galvanized  mate¬ 
rials.  A  rate  of  3  percent  will  be  assumed  for  the  total  cost  the  asphalt 
coated  and  paved  corrugated  steel  and  polyethylene  pipes  to  account  for 
expected  increases  in  the  cost  of  petroleum  and  natural  gas,  respectively. 
Assume  that  an  exception  will  be  granted  to  allow  a  50-year  analysis  period, 
that  aaintensnes  costa  over  the  analysis  period  are  equal  for  all  alterna¬ 
tives,  that  the  facility  is  to  be  abandoned  at  the  end  of  the  analysis  period, 
and  that  pips  still  serviceable  at  the  end  of  the  analysis  period  will  not  be 
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recovered  for  reuse  or  resale  (no  salvage  value).  Uncertainty  analysis  will 
be  omitted  for  simplicity.  The  costs  stated  herein  are  hypothetical  costs. 
They  do  not  apply  to  any  particular  project,  do  not  reflect  current  market 
plicae ,  end  ere  not  to  be  used  for  an  actual  LCCA. 

74.  From  Equation  9,  the  expected  service  life  of  reinforced  concrete 
pipe  is  about  80  years.  It  should  therefore  last  through  the  entire  analysis 
period.  The  current  cost  is  $12. 50/ft,  delivered,  plus  $10. 00/ft  for  instal¬ 
lation.  Since  e“0  for  both  materials  and  installation,  the  one-time  cost  to 
be  Incurred  in  2  years  is  simply  12.50  +  10.00  -  $22. 50/ft,  in  term,  of 
today's  dollars.  The  PW  is  $18. 59 /ft. 

75.  Since  the  pH  is  near  the  environmental  limits  specified  in  para¬ 
graph  7  for  plain  galvanized  pipe,  Equation  2  should  be  used  to  estimate  the 
service  life  of  that  alternative.  For  a  pH  of  6.0  and  a  minimum  resistivity 
of  6,000  ohm-cm,  a  16  gage,  plain  galvanized  CSP  has  an  expected  life  of  about 
25  years.  This  alternative  will  require  a  replacement  at  the  midpoint  of  the 
analysis  period.  The  current  cost  of  27  in.  plain  galvanized  pipe  is 
$10.65/ftt  delivered,  including  bands,  plus  $8. 50/ft  for  installation,  for 
both  initial  construction  and  replacement.  Since  e-0  for  both  materials  and 
installation,  the  cost  to  be  Incurred  in  2  years  and  again  in  27  years  is 
10.65  +  8.50  •  $19. 15/ft.  The  PW  of  the  initial  installation  is  19.15 

(1/1. 1)2  -  $15. 82/ft.  The  PW  of  the  replacement  is  $19.15  (1/1. 1)27 
-  $1. 46/ft.  The  total  PW  for  this  alternative  is  thus  15.82  +  1.46 

■  $17. 28/ft.  All  these  are  expressed  in  terms  of  today's  dollars. 

76.  Asphalt  coating  and  paving  can  be  used  to  extend  the  life  of  plain 
galvanized  pipe.  Assume  that  this  coating  will  add  25  years  to  the  life  of 
the  pipe.  The  service  life  of  an  ACPCSP  at  this  site  will  be  25  +  25 

■  50  years,  and  no  replacement  is  anticipated  during  the  analysis  period.  The 
current  coat  for  ACPCSP  is  $13. 90/ft,  including  bands.  Assuming  a  3  percent 

annual  differential  escalation  rate  due  to  the  cost  of  the  asphalt,  the  pipe 

? 

will  cost  13.90  *  (1.03)  •  $14. 75/ft  at  the  time  of  installation.  Installa¬ 

tion  is  currently  $9.50/fc.  Assuming  e-0  for  installation,  this  cost  will 
remain  at  $9.50/ ft.  The  total  cost  of  this  alternative  will  thus  be  14.75  + 
9.50  -  $24. 25/ft.  The  PW  is  24.25  (1/1.  1)2  -  $20. 04/ft. 

77.  The  proposed  AASHTO  design  procedure  (Appendix  A)  is  structured  to 
provide  a  50-year  service  life.  One  24-in.  smooth-flow  PE  pipe  meeting  the 
requirements  of  this  procedure  costs  $16. 50/ft.  An  escalation  of  3  percent 
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for  2  years  yields  a  cost  at  time  of  installation  of  16.50  *  (1.03) 2 
•  $17.50/ft.  Installation  is  and  will  be  (e-0)  $8. 00/ft.  At  the  time  of 
installation,  the  total  cost  will  be  17.50+8.00  $25. 50/ft.  The  PW  is 

25.50  x  (l/l. I)2  -  $21. 08/ft. 

78.  This  site  is  within  the  environmental  limits  for  aluminum  pipe; 
therefrre,  a  life  in  excess  of  the  required  50  jrears  can  be  expected.  The 
current  cost  for  aluminum  pipe  is  $11. 90/ft,  including  bands.  Installation  is 
$8. 00/ft.  Since  the  differential  escalation  is  zero  for  both  material  and 
installation,  the  future  cost  will  be  11.90  +  8.00  -  $19.90.  The  PW  is 
19.90  x  (1/1. I)2  -  16.44/ft. 

79.  The  life  cycle  cost  of  these  alternatives  is  summarized  below: 


24  in. 

27 

in.  CSP 

24  in. 

24  in. 

27  in. 

Cost 

RCP 

1st 

2nd 

Total 

ACPCSP 

PE 

AL 

Current  Material 

12.50 

10.65 

10.65 

13.90 

16.50 

11.90 

Installation  (e-0) 

10.00 

8.50 

8.50 

9.50 

8.00 

8.00 

Escalated  Material 

12.50 

10.65 

10.65 

14.75 

17.50 

11.90 

PW  Material 

10.33 

8.80 

0.81 

9.61 

12.19 

14.47 

9.83 

PW  Installation 

8.26 

7.02 

0.65 

7.67 

7.85 

6.61 

6.61 

Total  PW 

18.59 

17.28 

20.04 

21.08 

16.44 

Choice 

3 

2 

4 

5 

1 

In  this  example,  plain  corrugated  aluminum  pipe  (AL)  would  be  chosen  for  its 
lowest  LCC.  If  two  or  three  alternatives  are  to  be  selected  as  bid  options, 
then  AL  and  CSP  or  AL,  CSP,  and  RCP  would  be  considered. 


Summary 


8(  The  LCC  of  drainage  structures  is  determined  according  to  the 
criteria  in  TM  5-802-1.  Because  of  the  nature  of  drainage  structures,  an 
analysis  period  greater  than  25  years  may  be  justified.  The  alternatives  are 
order  ranked  by  LCC,  and  the  alternative  with  the  lowest  LCC  is  selected. 
Uncertainty  in  the  true  cusct  and  tie-breaking  crlte  ’a  are  addressed  In 
TM  5-802-1. 
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PART  IV:  CONCLUSIONS 


81.  The  LCC  of  a  drainage  structure  design  alternative  Is  the  estimated 
total  coat  of  that  design.  Except  for  determining  a  service  life  for  the 
various  typas  (materials)  of  drainage  structures,  the  procedures  for  LCCA 
are  well  ast  bliehed.  The  guidelines  presented  in  Part  II  of  this  report  can 
be  used  to  estimate  the  service  life  of  a  particular  design  or  to  ensure  a 
50-year  service  life.  Thus,  the  procedures  for  economic  analysis  described  in 
TM  5-802-1  can  be  used  to  determine  LCC.  While  the  LCC  is  only  one  of  the 
decision  factors  used  to  select  the  preferred  design  alternative  from  among 
the  feasible  alternatives.  It  Is  genezally  the  most  important.  The  Importance 
of  the  other  decision  factors  are  established  by  the  minimum  functional 
requirements  of  the  project.  The  alternatives  can  then  be  order  ranked  by 
LCC,  and  the  best  design  can  be  rationally  and  confidently  selected. 
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APPENDIX  A 


PROPOSED  AASHTO  DESIGN  PROCEDURE  | 

SECTION  18 

SOIL  -  THERMOPLASTIC  PIPE  INTERACTION  SYSTEMS 

18.1  GENERAL 

18.1.1  Scop* 

Dm  opacifications  of  this  section  are  Intended  for  the  structural  design 
of  plastic  pipes.  It  sust  be  recognised  that  a  burled  plastic  pipe  Is  a  com¬ 
posite  s-ructur*  made  up  of  the  plastic  ring  and  the  soil  envelope,  and  that 
both  materials  play  a  vital  part  in  the  structural  design  of  plastic  pipe.  I 

18.1.2  Notations 

A  •  required  wall  area  (Article  18.2.1) 

A  ■  area  of  pipe  wall  (Article  18.3.1) 

R  ■  water  bouyancy  factor  (Articles  18.2.2  and  18.3.2) 

c  *  distance  from  inside  surface  to  neutral  axis  (Articles  18.2.2,  18.3.2 
and  18.4.2) 

D^  ■  effective  diameter  *  ID  +  2c 

I  •  modulus  of  elasticity  of  pipe  material  (Articles  18.2.2  and  18.3.2) 

Vf  •  flexibility  factor  (Articles  18.2.3  and  18.3.3) 

f  ■  allowable  stress-specified  minimum  tensile  strength  divided  by  safety 
*  factor  (Article  18.2.1)  | 

f  ■  critical  buckling  stress  (Articles  18.2.2  and  18.3.2)  l 

or  ^  jj 

f^  ■  specified  minimum  tensile  strength  (Articles  18.2.1,  18.3.1  and  18.3.2)  | 

I  »  ament  of  Inertia,  per  unit  length,  of  cross  section  of  the  pipe  wall  1 

(Articles  18.2.2  and  18.3.2) 

IP  ■  Inside  diameter  (Articles  18.2.2,  18.3.2  and  18.4.2)  \ 

1^  •  soil  modulus  (Articles  18.2.2,  18.3.2  and  18.4.2)  i 

OD  ■  outside  diameter  (Article  18.4.2)  i 

P  ■  design  load  (Article  18.1.4)  i 

i 

A-l  I 
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If  »  Mf»ty  factor  (Article  18.2.1) 

?  -  thrust  (Article  18.1.4) 

•  thrust,  load  factor  (Article  18.3.1) 

■  thrust*  service  load  (Article  18.2.1) 
a  *  capacity  modification  factor  (Article  18.3.1) 

It. 1.3  Loads 

Design  load*  P,  shall  ba  the  pressure  acting  on  the  structure.  Por  earth 
pressures  see  Article  3.20.  For  live  load  see  Articles  3.4  to  3.7,  3.11,  3.12 
sad  6.4*  except  that  the  words  "When  the  depth  of  fill  is  2  feet  or  eore"  in 
Article  6.4.1  need  not  be  considered.  For  loading  combinations  see  Arti¬ 
cle  3.22. 

18.1.4  Design 

18.1.4.1  The  thrust  In  the  wall  shall  be  checked  by  two  criteria.  Each 
considers  the  saitual  function  of  the  plastic  wall  and  the  soil  envelope  sur¬ 
rounding  it.  The  criteria  are: 

(a)  Vail  area 

(b)  Buckling  stress 

18.1.4.2  The  thrust  in  the  vail  is: 

T  -  P  x  |  (12-1) 


where 

?  “  design  load,  in  pounds  per  square  foot; 

D  -  diameter  in  feet; 

T  ■  thrust.  In  pounds  per  foot. 

18.1.4.3  Handling  and  Installation  strength  shall  be  sufficient  to 
withstand  Impact  forces  when  shipping  and  placing  the  pipe. 


14.1.3  Materials 

A*  materials  shall  conform  to  the  AASHTO  and  ASTM  specifications  refer¬ 
enced  herein. 

11.1.6  Soil  Design 

18.1.6.1  Soil  Parameters 


The  performance  of  a  flexible  culvert  is  dependent  on  soil  structure 
Interact loo  and  soil  stiffness. 

The  following  nust  be  considered: 

(a)  Soils 

(1)  The  type  and  anticipated  behavior  of  the  foundation  soil  must  be 
considered;  l.e.,  stability  for  bedding  and  settlement  under  load. 

(2)  The  type,  coaq»acted  density,  and  strength  properties  of  the  soil 
envelope  Immediately  adjacent  to  the  pipe  nust  be  established. 

Good  aide  fill  la  obtained  from  a  granular  material  with  little  or 
no  plasticity  and  free  of  organic  material,  l.e.,  AASHTO  classifica¬ 
tion  groups  A-l,  A-2,  and  A-3,  compacted  to  a  minimum  90  percent  of 
standard  density  based  on  AASHTO  Specifications  T99  (ASTH  D69o) . 

(3)  The  density  of  the  embankment  material  above  the  pipe  must  be 
determined.  See  Article  6.2. 

(b)  Dimensions  of  soil  envelope 


The  general  recommended  criteria  for  lateral  limits  of  the  culvert  soil 
envelope  are  as  follows: 

(1)  Trench  installations  -  2  feet  minimum  each  side  of  culvert.  This 
recomawnded  limit  should  be  modified  as  necessary  to  account  for  vari¬ 
ables  such  as  poor  in-situ  soils. 

(2)  Embankment  installations  -  one  diameter  each  side  of  culvert. 

(3)  The  minimum  upper  limit  of  the  soil  envelope  is  one  foot  above  the 
culvert . 
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18.1.7  Abrasive  or  Corrosive  Conditions 

Extra  thickness  nay  be  required  for  resistance  to  abrasion.  For  highly 
abrasive  conditions,  a  special  design  may  be  required. 

18.1.8  Mini—  Spacing 

When  nultlple  lines  of  pipes  greater  than  48  inches  in  diameter  are  uted, 
they  shall  be  spaced  so  that  the  sides  of  the  pipe  shall  be  no  closer  than 
one-half  dianeter  or  3  feet,  whichever  is  less,  to  permit  adequate  compaction 
of  backfill  material.  For  diameters  up  to  and  including  48  Inches,  the  mini- 
aim  4.  spacing  shall  not  be  less  than  2  feet. 

18.1.9  lad  Treatment 

Protection  of  end  slopes  nay  require  special  consideration  where  backwater 
conditions  may  occur,  or  where  erosion  and  uplift  could  be  a  problem.  Culvert 
ends  constitute  a  major  run-off-the-road  hazard  if  not  properly  designed. 
Safety  treatment,  such  aa  structurally  adequate  grating  that  conforms  to  the 
embankment  slope,  extension  of  culvert  length  beyond  the  point  of  hazard,  or 
provision  of  guardrails,  are  among  the  alternatives  to  be  considered.  End 
walls  on  skewed  alignment  require  a  special  design. 

18.1.10  Construction  and  Installation 

The  construction  and  installation  shall  conform  to  Section  23  -  Divi¬ 
sion  II. 

18.2  SERVICE  LOAD  DESIGN 

Service  Load  Design  is  a  working  stress  method,  as  traditionally  used  for 
culvert  design. 


where 


A  “  required  wall  araa  in  square  lnchaa  par  foot 
7^  ■  thrust,  service  load  In  pounds  par  foot 

f  "  allowable  strass-spsclf lad  alnlnum  tansila  strength,  pounds  par 
squara  inch,  dlrided  by  safaty  factor,  f^/SF,, 

IS. 2. 2  Buckling 

Valla  with  tha  raquirad  wall  araa.  A,  shall  ba  check sd  for  possible 
buckling.  If  tha  allowable  buckling  stress,  f^/SF,  is  lass  than  f^,  the 
raquirad  araa  aust  be  recalculated  using  f cr/SF  in  lieu  of  f^.  Tha  fornula 
for  buckling  is: 

f  -0 .,/  (12R/A)  JbM  EI/0.1493 

cr  v  s 


share 


1 


Nr 

h 

B 


M 


s 


I 


water  buoyancy  factor 

1-0. 33h  /h 

w 

height  of  water  surface  above  top  of  pipe 
height  of  ground  surface  above  top  of  pipe 

Long  tans  (50-year)  Modulus  of  elasticity  of  the  plastic  in  pounds 
per  squara  inch; 

soil  nodulus  in  pounds  par  squara  inch 
1700  for  side  fills  Meeting  Article  18.1.6 
critical  buckling  stress  in  pounds  par  square  inch 
affective  radius 
c  +  ID/2 

MQMsnt  of  inertia  of  tha  pipe  wall  par  unit  length  of  cross 

A 

section,  in  /in. 


18«2.3  1—41  lag  &od  Installation  Strength 

l—illng  and  installation  rigidity  is  naaaurad  by  a  flaxlbllity  factor. 

fVf  determined  by  the  formula 

FT  -  D#2/EI 

share 

ft  -  flaxlbllity  factor  in  lnchas  par  pound; 

*  effective  dlsaatar  In  lnchas; 

I  •  nodulus  of  alasticity  of  tha  pipa  natarlal  In  pounds  par  squara  Inch 

I  “  aoaant  cf  inart ia  par  unit  length  of  cross  saction  of  tha  pipa  wall 
In  lnchas  to  tha  4th  powar  par  inch. 

It. 3  LOAD  FACTOR  DESIGN 

Load  Factor  Design  is  an  alternative  method  of  design  based  on  ultimata 
strength  principles. 

18.3.1  Wall  Area 

A  -  T.  /of 
L  u 

share 

A  “  area  of  pipe  wall  in  squara  lnchas  par  foot; 

“  thrust,  load  factor  in  pounds  par  foot; 
fu  ■  specified  minim—  tensile  strength  in  pounds  per  square  inch; 
o  »  capacity  modification  factor. 

18.3.2  Buckling 

If  f _  is  lass  than  f  ,  A  must  be  recalculated  using  f  in  lieu  of  f  . 

cr  u  cr  u 

Tha  formula  for  buckling  is: 

f  -  0.77  (12R/A)  J  BM  EI/0.1493 


*«t«r  buoyancy  /actor 
l-0.33hw/b 

height  of  water  surface  above  top  of  pipa 
height  of  ground  surface  above  top  of  pipe 

Long  tore  (50-year)  Modulus  of  elasticity  of  the  plastic  in  pounds 
par  square  inch; 

•oil  Modulus  in  pounds  per  square  inch 
1700  for  side  fills  Meting  Article  18.1.6 
critical  buckling  stress  In  pounds  r>er  square  l  ich; 
effective  radius 
c  ♦  ID/2 

uoueet  of  Inertia  of  the  pipe  wall  per  unit  length  of  cross 
section.  In* /in. 


11.3.3  Handling  and  Installation  Strength 


(ling  rigidity  la  Manured  by  a  flexibility  factor,  FF,  determined  by 
the  formula 


FF  -  D^/EI 


where 

FF  •  flexibility  factor  In  inches  per  pound; 

D^  *  effective  dlaMter  or  maxima  span  in  Inches; 

B  ■  modulus  of  elasticity  of  the  pipe  Mterial  In  pounds  per  square  inch; 

I  ■  moment  of  Inertia  per  unit  length  of  cross  section  of  the  pipe  vail 
in  inches  to  the  4th  power  per  inch. 

18.4  PLASTIC  PIPE 

18.4.1  General 

18.4.1.1  Plastic  pipe  My  be  smooth  wall,  corrugated  or  externally  ribbed 
and  My  be  Mnufactured  of  polyethylene  (PE)  or  poly  (vinyl  chloride)  (PVC) . 
The  Mterial  specifications  are: 
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Falyefchylene  (PE) 

iMMh  Hall  -  AST*  F7U  Polyethylene  (PE)  Plastic  Pip*  (SDE-PR)  Based  on 
Outildt  DiOMttr 

Corrugated  -  AA8HT0  M294  Corrugated  Polyethylene  Pipe,  12  to  24  in. 

Diameter 

Ribbed  -  A81X  F894  Polyethylene  (PE)  Large  Diameter  Profile  Vail 

Sower  and  Drain  Pipe 
Poly  (Vinyl  Chloride)  (PVC) 

Smooth  Hell  -  AA81T0  M278  Cleea  PS  50  Polyvinyl  Chloride  (PVC)  Pipe, 

A8TM  P679  Poly  (Vinyl  Chloride)  (PVC)  Large-Diameter 
Pleetic  Gravity  Sever  Pipe  and  Fittings 
Ribbed  -  ASTM  F794  Poly  (Vinyl  Chloride)  (PVC)  Large-Diameter 

Ribbed  Gravity  Sever  Pipe  and  Fittings  Based  on  Controlled 
Inside  Diameter 

18.4.1.2  Service  load  design  -  safety  factor,  SF: 

Hall  area  *2.0 

Buckling  -  2.0 

18.4.1.3  Load  factor  design  -  capacity  modification  factor,  o: 

PE,  o  ■  0.63 

PVC,  o  -  0.65 

18.4.1.4  Flexibility  Factor 
PE,  FF  -  9.5  x  l<f2 
PVC,  FF  -  9.5  x  10"2 

Note:  PE  end  PVC  are  thermop last ice  and,  therefore,  subject  to  reduction 
in  stiffness  as  temperature  is  Increased. 

18.4.1.5  Minimum  Cover 

The  mlnimia  cover  for  design  loads  shall  be  one-eighth  of  the  inside 
diameter  but  not  lees  than  12  inches.  (The  minimum  cover  shall  be  measured 
from  the  top  of  a  rigid  pavement  or  the  bottom  of  a  flexible  pavement.)  For 
construction  requirements,  see  Article  23.10  -  Division  II. 


IUiIum  Strain 


tha  allowable  deflection  of  installed  plastic  pipe  nay  be  United  by  the 
•ttr<^ea  fiber  tensile  strain  of  the  pipe  wall.  Calculation  of  the  tension 
•Crain  In  a  pipe  significantly  deflected  after  installation  c tn  be  checked 
against  the  allowable  long  tern' strain  for  the  material  In  Article  18.4.3. 
Compression  thrust  is  deducted  from  deflection  bending  stress  to  obtain  net 
tension  action.  The  allowable  long,  tens  strains  shown  in  18.4.3  should  not  be 
reached  In  pipes  designed  and  constructed  in  accordance  vlth  this 
specification. 

18.4.1.7  Local  Buckling 

The  manufacturers  of  corrugated  and  ribbad  pipe  should  demonstrate  the 
adequacy  of  their  pipes  against  local  buckling  when  designed  and  constructed 
In  accordance  with  this  specification. 

18.4.2  Section  Propartlaa 

18.4.2.1  PE  Corrugated  Pipes 


O.D. 

c 

I.D. 

Cm.) 

A 

(in.) 

(Typical) 

(aq  in. /ft,) 

(Maximum) 

(in.  /in 

12 

14.0 

1.50 

0.625 

0.024 

15 

17.7 

1.91 

0.875 

0.053 

18 

21.1 

2.34 

0.851 

0.062 

24 

27.5 

3.14 

1.134 

0.116 

.-9 


■m 


21.0 

21.0 

24.0 

24.2 
27.0 

27.2 

30.2 

30.3 

33.2 

33.5 

36.3 

37.2 

39.5 

40.3 

46.2 

47.1 

52.3 

53.1 

59.1 

59.4 

65.1 

65.7 

71.4 
72.0 

77.4 

78.4 

83.7 

84.4 
90.0 

91.3 

96.4 
97.3 

102.4 

103.5 


2.964 

4.668 

4.152 

5.906 

4.668 

5.906 

5.904 

6.996 

5.904 

8.088 

6.996 

7.812 

8.088 

8.820 

7.812 

9.648 

8.820 

9.648 

9.648 

11.688 

9.648 

13.224 

11.688 

15.036 

11.688 

17.880 

13.224 

17.880 

15.036 

24.120 

17.880 

24.120 

17.880 

25.800 


0.344 

0.429 

0.409 

0.520 

0.429 

0.520 

0.520 

0.594 

0.520 

0.640 

0.594 

0.714 

0.640 

0.786 

0.714 

0.837 

0.786 

0.837 

0.837 

0.963 

0.837 

0.998 

0.963 

1.019 

0.963 

1.079 

0.998 

1.079 

1.019 

1.210 

1.079 

1.210 

1.079 

1.280 


in.^/in. 


0.052 
0.081 
0.070 
0.125 
0.081 
0. 125 
0.125 
0.161 
0.125 
0.202 
0.161 
0.277 
0.202 
0.338 
0.277 
0.524 
0.338 
0.524 
0.524 
0.728 
0.524 
0.868 
0.728 
1.014 
0.728 
1.285 
0.868 
1.285 
1.014 
1.850 
1.285 
1.850 
1 .  -35 
2.130 
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18.4.2.3  PVC  Ribbed  Pipes 


I.  D. 

O.D. 

A 

4I 

C±ELl 

(in.) 

(sq  in. /ft) 

(in.  /in.) 

17.65 

19.1 

6.149 

0.278 

0.0167 

20.75 

22.2 

6.149 

0.278 

0.0167 

20.75 

22.5 

7.421 

0.329 

0.0346 

23,50 

25.2 

7.421 

0.329 

0.0346 

23.50 

25.5 

8.534 

0.376 

0.0643 

26.50 

28.0 

6.056 

0.250 

0.0225 

26.50 

28.5 

8.534 

0.376 

0.06'  3 

26.50 

28.7 

9.865 

0.432 

0.0907 

29.50 

31.2 

6.532 

0.313 

0.0297 

29.50 

31.7 

9.865 

0.432 

0.0907 

35.50 

37.3 

7.920 

0.346 

0.0400 

35.50 

37.9 

11.426 

0.480 

0.1226 

41.50 

43.7 

9.760 

0.432 

0.0907 

47.50 

49.9 

10.518 

0.453 

0.1492 

18.4.3  Chemical  and  Mechanical  Requirements 


0 


The  polyethylene  (PE)  and  poly  (vinyl  chloride)  (PVC)  materials  described 
herein  have  stress/strain  relaitonships  that  are  nonlinear  and  time  dependent. 
Minimum  50  >ear  tensile  strengths  are  derived  from  hydrostatic  design  bases 
and  indicate  a  minimum  50  year  life  expectancy  under  continuous  application  of 
that  stress.  Minimum  50  year  moduli  do  not  indicate  a  softening  of  the  pipe 
materiel  but  is  an  expression  of  the  time  dependent  relation  between  stress 
and  strain.  For  each  short  term  Increment  of  deflection,  whenever  it  occurs, 
the  response  will  reflect  the  initial  modulus.  Both  short  and  long  term  prop¬ 
erties  are  shown.  Except  for  buckling,  the  judgement  of  the  engineer  shall 
determine  which  is  appropriate  for  the  application. 

18.4.3.1  Polyethylene 


18.4.3.1.1  Smooth  wall  PE  pipe  requirements  -  ASTM  7714 
Mechanical  properties  for  design 


initial  50  Year 


Minimum 

Tensile  Strength 

_ (psi) 

3,000 


Minimum 
Mod.  of  Elast. 

(psi) _ 

110  ,“000 


Minimum 

Tensile  Strength 

_ (psi) _ 

1,440 


Minimum 
Mod.  of  Elast. 
(psi) 
22,000 
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Minima  cell  class,  ASTM  D3350,  335434C 
Allowable  long  tarn  strain  -  52 

18.4.3.1.2  Corrugated  PE  pipe  requirements  -  ASTM  M294 
Mechanical  properties  for  design 


_ Initial 

Minima 

Tensile  Strength 

_ £E£*2 _ 

3,000 


Minimum 
Mod.  of  Elast i 

_ (Pai_) _ 

110,000 


50  Year 


Minimum 

Tensile  Strength 

_ (psl) 

900 


Minimum 
Mod.  of  Elast. 
(pal) 
22,000 


Minimum  cell  class,  ASTM  D3350,  315412C 
Allowable  long  term  strain  -  51 


18.4.3.1.3  Ribbed  PE  pipe  requirements  -  ASTM  F894 
Mechanical  properties  for  design 


_ Initial 

Minimum 

Tensile  Strength 

_ lEgjUL . 

37000 


Minimum 
Mod.  of  Elast. 
(psl) 


80,000 


50  Year 


Minimum 

Tensile  Strength 

_ (pal) 


1,125 


Minimum 
Mod.  of  Elast. 

_ (P.Bi> _ 

20,000 


Minimum  cell  class,  ASTM  D3350,  334433C 
Allowable  long  term  strain  -  51 


OR: 


_ Initial 

Minimum 

Tensile  Strength 

_ (P8*) 

3,000 


Minimum 
Mod.  of  Elast. 
(psl) 
110,000 


50  Year 


Minimum 

Tensile  Strength 

_ (pal) 

1,440 


Minimum 
Mod.  of  Elast. 
(pal) 
22,000 


Minimum  cell  class,  ASTM  D3350,  335434C 
Allowable  long  term  strain  -  52 


18.4.3.2  Poly (Vinyl  Chloride)  (PVC) 


18.4.3.2 

.1  Smooth  well  PVC  pipe  requirements  -  AASHT0  M278, 

ASTM  F679 

Mechanical  properties  for  design 

Initial 

50 

Year 

Minimum 

Minimum 

Minimum 

Minimum 

Tensile  Strength  Mod.  of  Elast.  Tensile  Strength 

Mod.  of  Elast 

(P*i) 

_  (psi) 

(psi) 

(psi) 

7,000 

400,000 

3,700 

140,000 

Minimum  cell  class,  ASTM  D1784,  12154C 

Allowable  long  term  strain  -  5Z 

OR: 

Initial 

50 

Year 

Minimum 

Minimum 

Minimum 

Minimum 

Tensile  Strength  Mod.  of  Elast.  Tensile  Strength 

Mod.  of  Elast 

(P*i) 

(psi) 

(psi) 

(psi) 

6,000 

500,000 

2,600 

180,000 

Minimum  cell  class,  ASTM  D1784,  12364C 

Allowable  long  term  strain  •  3.5Z 

18.4.3.2. 

.2  Ribbed  PVC  pipe  requirements  - 

ASTM  F794 

Mechanical  properties  for  design 

Initial 

50 

Year 

Minimum 

Minimum 

Minimum 

Minimum 

Tensile  Strength 

iESil 


7,000 


Mod.  of  Elast. 
(psi) 
400,000 


Tensile  Strength 

_ (pal) 

3,700 


Mod.  of  Elast. 
(psi) 
140,000 


Minimum  cell  class,  ASTM  D1784,  12434C 
Allowable  long  term  strain  -  5Z 


OR: 
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Initial 


50  Year 


Minima 

Tensile  Strength 


Minlmua  Minimum 

Mod.  of  Elast,.  Tensile  Strength 

(P«D  (Psi)  _ 

500,000  2,600 


Miniaua  call  class,  ASTM  D1784,  12364C 
Allowable  long  term  strain  -  3.51 


Minimum 
Mod.  of  Elast 
(pal) 
180,000 


